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Based on the concept of green chemistry, a new green chemistry metric was developed with the 
consideration of both quantity and quality (hazard) of chemicals involved in the synthesis of a 
chemical product. This new metric was used to evaluate the greenness of various synthetic 
methods in this study.  
Hydrogen peroxide (H2O2), a widely used green oxidant, is currently produced by an 
anthraquinone auto-oxidation (AO) process. This AO process is not environmentally benign 
because it generates wastes, uses large volumes of organic solvents, and has low efficiency and 
high energy consumption. Direct synthesis of H2O2 from O2 and H2 is a green technology to 
replace the AO process since it is the most atomic-efficient method by which H2O2 can be 
synthesized. Compressed CO2 has the potential to replace the conventional solvents used in this 
direct synthesis process. In this study, a method was developed to measure the amount of directly 
synthesized H2O2 in compressed CO2 over precious metal loaded titanium silicalite (TS-1) 
molecular sieve by using a selected indicator to react immediately with the in situ generated 
H2O2. The experimental results proved, for the first time, that H2O2 could be effectively 
generated from O2 and H2 using CO2 as the solvent.  
This in situ generated H2O2 in CO2 was then used in the epoxidation of propylene to 
propylene oxide (PO). A PO yield over 20% with vital selectivity was achieved, for the first 
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 v 
time, using compressed CO2 as the solvent and small amounts of polar co-solvents. The addition 
of a selected weak base inhibitor effectively suppressed a number of common side-reactions, 
including the hydrogenation of propylene, the hydrolysis of PO and the reaction between PO and 
methanol. 
The oxidation of cyclohexene by in situ generated H2O2 in compressed CO2—an 
alternative and green approach to the synthesis of adipic acid was also explored using precious 
metal loaded TS-1 and W-MCM-41 (a silicate mesoporous molecular sieve). Experimental 
results showed that the oxidation of cyclohexene by in situ generated H2O2 in CO2 was limited 
by the small pore size of TS-1, while W-MCM-41 was an effective catalyst in carrying out this 
reaction.  
 vi 
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1.0  INTRODUCTION 
Green chemistry is defined[1, 2] as the design of chemical products and processes that 
reduce or eliminate the use and generation of hazardous substances. It was introduced in 
the early 1990s along with the increased public concerns about human health and 
environment impacts of chemical substances. Before the 1960s, it was common to think 
that the “mere decrease of concentration of a substance in a particular medium would be 
sufficient to mitigate its ultimate impact.”[2] Therefore, dilution was considered to be the 
solution to pollution. The book “Silent Spring” [which detailed the adverse effects of 
pesticides (especially DDT) on the eggs of various birds] published in 1962 by Rachael 
Carson and a series of environmental disasters caused by toxic chemicals[2] had awakened 
the public to the environmental impact of toxic substances. In response, government 
passed various environmental laws to regulate the release of toxic substances. At this 
stage, regulation was considered to be the solution to pollution. The Pollution Prevention 
Act passed by US congress in 1990 marked the shift of public attitude toward pollution 
from treatment and abatement through command and control to the prevention of the 
formation of waste at the source. At present, it is believed that “prevention is the solution 
to pollution”. Ever since its first appearance, green chemistry is widely accepted as an 
effective strategy to the pollution prevention, and the 12 principles[2] of green chemistry 
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listed in Table 1 are considered to be the guidelines in designing and developing 
environmentally benign chemical processes and products.  
 
Table 1  Twelve principles of green chemistry 
1 It is better to prevent waste than to treat or clean up waste after it is formed.  
2 Synthetic methods should be designed to maximize the incorporation of all materials 
used in the process into the final product. 
3 Wherever practicable, synthetic methodologies should be designed to use and 
generate substances that possess little or no toxicity to human health and the 
environment. 
4 Chemical products should be designed to preserve efficacy of function while 
reducing toxicity. 
5 The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be 
made unnecessary wherever possible and, innocuous when used. 
6 Energy requirements should be recognized for their environmental and economic 
impacts and should be minimized. Synthetic methods should be conducted at 
ambient temperature and pressure. 
7 A raw material or feedstock should be renewable rather than depleting wherever 
technically and economically practicable. 
8 Unnecessary derivatization (blocking group, protection/deprotection, temporary 
modification of physical/chemical processes) should be avoided whenever possible. 
9 Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 
10 Chemical products should be designed so that at the end of their function they do not 
persist in the environment and break down into innocuous degradation products. 
11 Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances. 
12 Substances and the form of a substance used in a chemical process should be chosen 
so as to minimize the potential for chemical accidents, including releases, 
explosions, and fires. 
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Catalytic oxidation reactions play an important role in modern chemical, 
petroleum and pharmaceutical industries. According to Oyama et al,[3] catalytic oxidation 
produced more than 60% of the chemicals and intermediates synthesized by catalytic 
processes, with a global commercial value of $20~40 billion in the early 1990s. 
Hudlicky[4] summarized that hundreds of chemicals could be used as the oxidants. Some 
commonly used oxidants and their decomposition by-products are listed in Table 2[5]. If 
we use the 12 principles of green chemistry to examine catalytic oxidation reactions and 
the oxidants used therein, it is easy to conclude that catalytic oxidation is probably one of 
the biggest challenges to green chemistry due to the following reasons: (1) Except for a 
few oxidants (e.g. oxygen and hydrogen peroxide, etc.), most oxidants are not 
environmentally benign since they can either decompose or react with reactants (or 
products) to form by-products that are harmful to human health and (or) the environment. 
For example, in the production of adipic acid, nitric acid is used to oxidize the mixture of 
cyclohexanol and cyclohexanone. During this process, nitrous oxide, a greenhouse gas, is 
generated as a by-product. Adipic acid producers have had to develop various abatement 
technologies to decompose it prior to its emission.  
(2) Many catalytic oxidation reactions suffer low conversion and selectivity 
because many oxidants used can also oxidize the desired final product. For example, in 
the oxidation of cyclohexane by O2 to a mixture of cyclohexanone and cyclohexanol 
(important raw materials for producing adipic acid), the desired mixture is more easily 
oxidized (by O2) than the parent hydrocarbon. Therefore, conversion has to be kept low 
(<10%) in order to minimize the over-oxidation of desired product. Even at this 
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conversion level, the selectivity is only in the range of 80~85%.[6] The lower conversion 
and selectivity imply that large amounts of raw materials will inevitably go to the waste 
stream and extra separation steps have to be used to separate reactants from product and 
to purify final product. 
 
Table 2  Some commonly used oxidants 
Oxidant Active 
oxygen, % 
Comments 
O2 50 Usually one oxygen atom goes to H2O as the by-product. 
Widely used oxidant but suffers low conversion and 
selectivity 
H2O2 47.0 H2O as the only by-product; limited use in selective 
oxidation due to its containing of water, and higher price 
t-BuOOH 17.8 Generates t-BuOH as a by-product. Used in the production 
of propylene oxide, and as an initiator in polymerization. 
NaClO 21.6 Generates inorganic salt NaCl as a by-product; in some 
cases, ClO- can produce toxic and carcinogenic 
chlorocarbon by-products 
KHSO5 10.5 Generates KHSO4 as a by-product 
Heavy metal salts and 
oxides, e.g. CrO3 
Oxidant itself is highly toxic; also generates toxic heavy 
metal derivatives as the by-products 
 
 (3). Many conventional organic solvents used in oxidation reactions can be 
oxidized. This will cause the loss of organic solvents and the generation of solvent 
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degradation wastes. In many cases, the final products will be contaminated by solvents 
and their degradation wastes. Extra steps have to be used to purify the final products.  
Due to these drawbacks, green oxidants should be used whenever it is possible in 
carrying out oxidation reactions.  
Hydrogen peroxide (H2O2) is an important green oxidant since it contains a high 
fraction of active oxygen and forms water as the only by-product as shown in Table 2. In 
2005, global H2O2 capacity reached 3.53 million metric tons per year (in 100% H2O2) and 
the demand in North America and Europe is growing at 3%~5% per year.[7] At present, 
China is the world’s largest H2O2 producer and its annual growth is expected to maintain 
a double-digit trend in the next 5~10 years.[8] Although the current major application of 
H2O2 is in the bleaching of pulp/paper and textiles—both non-selective oxidations, it is 
becoming more attractive in chemical synthesis in both academia and industry because of 
its “green” character, especially in selective oxidation.[9, 10] 
Industrially, H2O2 is produced by an anthraquinone auto-oxidation (AO) process. 
This process was first commercialized by Du Pont in 1953 and became the dominant 
technology in producing H2O2 ever since. However, because of the complicity of the AO 
process, the current H2O2 price is high enough such that many oxidation reactions can not 
be carried out economically, even though the reactions themselves are attractive, such as 
that given by Sato et al[11] using 30% H2O2 to oxidize cyclohexene for the green synthesis 
of adipic acid. 
Direct synthesis of H2O2 from O2 and H2 is an attractive green technology to 
replace the current AO process since it is the most atom-efficient approach by which 
H2O2 can be prepared. The study of direct synthesis of H2O2 began at the beginning of 
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last century. In 1914, Henkel and Weber[12] were awarded probably the first patent on 
direct synthesis of H2O2 from O2 and H2 with a precious metal as the catalyst. However, 
little progress was made following 1914 because of safety issues (the mixture of O2 and 
H2 is explosive in the range of 4%~95.2% of H2 in O2 at 20°C and 1bar). It was almost 
completely ignored after the AO process was commercialized in the 1950s. There was 
renewed interest in direct synthesis of H2O2 after 1980 driven by the strong demand for 
H2O2, especially in recent years.  If the safety issues associated with direct synthesis 
could be solved, direct synthesis of H2O2 from O2 and H2 could greatly simplify the H2O2 
production process, dramatically cut the production cost, and generate almost no waste.  
A major problem in using H2O2 as the oxidant in catalytic oxidation reactions is 
that most readily available commercial H2O2 product is an aqueous solution. Water 
associated with H2O2 is detrimental to many conventional catalysts. The discovery of the 
titanium silicalite (TS-1) catalyst in 1983 by Taramasso et al [13] provided a new platform 
using H2O2 as a green oxidant to conduct selective oxidation reactions. TS-1 is a ZSM-5 
type molecular sieve with MFI [ZSM-FIve] structure in which small amount of 
tetrahedral Si atoms are substituted by Ti atoms in a purely siliceous framework. It has a 
crystalline structure similar to ZSM-5 with a 3-dimensional channel structure: parallel 
channels in one direction, and zigzag type channels perpendicular to them (as shown in 
Figure 1[14]). The size of the channels is 0.55~0.60nm. The hydrophobic micropores of 
TS-1 are assumed to exclude water from its internal voids, and thus protect the active 
sites from deactivation.[9] Therefore, TS-1 has become one of the most studied molecular 
sieve catalysts in using H2O2 to conduct selective oxidations, especially in the 
epoxidation of alkenes, oxidation of alcohols, hydroxylation of aromatics, ammoxidation 
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of cyclohexanone and oxidation of alkane etc.[5, 9, 15] However, the major drawback of 
TS-1 is its small pore size which presents a diffusional limitation to relatively bulky 
chemicals. 
 
 
Figure 1  Atlas of molecular sieve with MFI structure 
 
 
“Fluids near their critical point have dissolving power comparable to that of 
liquids, are much more compressible than dilute gases, and have transport properties 
intermediate between gas- and liquid-like. This unusual combination of physical 
properties can be advantageously exploited in environmentally benign separation and 
reaction processes, as well as for new kinds of materials processing”[16] Compressed 
(liquefied or supercritical) carbon dioxide (CO2) is well recognized as one of these fluids 
and has been used in separation and chemical reaction processes to replace the 
conventional organic solvents. Mild critical values (TC=31.1°C, PC=73.8 bar), 
environmentally benign character (non-flammable, relatively non-toxic, relatively inert) 
and low cost of the material itself make compressed CO2 an attractive solvent in both 
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academia and industry. Early studies mainly focused on using it as a solvent in extraction 
processes. The successful stories include coffee decaffeination by supercritical CO2 and 
dry cleaning with liquid CO2. In recent years, using CO2 as a solvent in chemical reaction 
has been a research focus, especially in hydrogenation, oxidation and polymerization 
etc.[17] 
Although compressed CO2 has the potential to be used as an environmentally 
benign solvent, the literature[18, 19] shows contradictory conclusions in using CO2 as a 
solvent in direct synthesis of H2O2 from O2 and H2. The aim of this study is to establish a 
method to identify if H2O2 could be effectively synthesized from a mixture of O2 and H2 
over precious metal loaded TS-1 by using compressed CO2 as a solvent; and to explore 
the possibility of using this in situ generated H2O2 in CO2 to epoxidize propylene to 
propylene oxide, to oxidize cyclohexene to adipic acid etc.    
  9 
2.0  LITERATURE REVIEW AND BACKGROUND 
2.1 PRODUCTION OF H2O2 VIA ANTHRAQUINONE (AO) PROCESS  
The chemical principle, schematic diagram and flow sheet of the AO process are shown 
in Figure 2, Figure 3 and Figure 4, respectively.[20-22] In this process, 2-
alkylanthraquinone [AQ, 1; most commonly used 2-alkylanthraquinones are 2-
ethylanthraquinone (EAQ), 2-tert-butylanthraquinone and 2-amylanthraquinone] is 
dissolved in a mixture of non-polar solvent (C9~C11 alkylbenzene) and polar solvent 
[Trioctyl phosphate (TOP), or tetrabutyl urea (TBU), or diisobutyl carbinol (DIBC)][20, 22] 
to form a “working solution” and then hydrogenated over a precious metal (Pd or Ni) 
catalyst in a three-phase reactor (trickle bed or slurry bubble column) under mild reaction 
conditions (<5 bars, <80ºC) to generate 2-alkylanthrahydroquinone (AQH2, 2). AQH2 is 
then auto-oxidized by compressed air in a two-phase reactor (packed column or bubble 
column) to produce H2O2 and regenerate AQ. During this process, small amounts of AQ 
can be further hydrogenated to form mainly 2-alkyltetrahydroanthrahydroquinone 
(H4AQH2, 4; it can also be oxidized to produce H2O2 and regenerate 2-
alkyltetrahydroanthraquinone, H4AQ, 3). The generated H2O2 is then extracted by 
deionized water from the working solution in a countercurrent extraction column to 
obtain crude H2O2, which can be further treated in the purification and concentration step 
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under vacuum to produce final products [27.5%~70% (wt) H2O2 in concentration]. The 
working solution from the extraction step is treated in the post-treatment step in order to 
regenerate by-products and adjust its pH value, and is then circulated back to the 
hydrogenation step to begin next circulation.  
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Figure 2  Chemical principle of the AO process 
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Figure 3  Schematic diagram of the AO process 
 
 
 
Figure 4  Flow sheet of a typical AO process for the production of H2O2 
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This AO process is successfully used to produce most of the world’s H2O2 
because it prevents the direct contact between O2 and H2 and can be operated 
continuously under mild reaction conditions.[23] However, the AO process is far from 
green in view of the 12 principles of green chemistry due to the following reasons:  
 
(1). Generation of wastes 
The current AO process generates several wastes because of the sequential hydrogenation 
and oxidation of AQ, the unintended oxidation of organic solvents, and the phase 
behavior in each reactor.[23, 24] The AO process is unique compared to other chemical 
process in that AQ in the working solution has to be sequentially hydrogenated and 
oxidized continuously in order to produce commercially viable H2O2. This requires that 
the selectivity of both the hydrogenation reaction and oxidation reaction must be as close 
to unity as possible. Industrially, the initial AQ content in the working solution is in the 
range of 120~150g/L and the total selectivity is above 99%.[21, 25] The importance of total 
selectivity in the AO process for the production of H2O2 is illustrated in Table 3. As can 
be seen that even if the total selectivity is as high as 99.5%, after each circulation, 0.5% 
of AQ in the working solution will be degraded to inert AQ derivatives (this is called 
degradation and the formed AQ derivatives are called degradation by-products) which 
lose the ability to generate H2O2. If there is no addition of makeup AQ and no 
regeneration of degradation by-products, after 100 circulations (about several weeks’ 
operation in practice), over one third of AQ will be converted to the degradation by-
products. This is obviously unacceptable in industrial practice. Table 3 also shows that 
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slight decrease in total selectivity from 99.5% to 98.5% could result in dramatic decrease 
in AQ content from 73~91g/L to 26~33g/L after 100 circulations. 
 
Table 3  Active AQ left in the AO process after circulations without regeneration (g/L) 
Total selectivity in the AO process, % Number of 
circulations 99.5 99 98.5 98 95 
50 93~117 73~91 56~70 44~55 9~12 
100 73~91 44~55 26~33 16~20 0.7~0.9 
 
The degradation of AQ is mainly caused by the deep hydrogenation of its 
aromatic rings, hydrolysis of the C=O bounds and over-oxidation of H4AQH2, which 
generate mainly hydroxyanthrones of AQ and H4AQ, anthrones of AQ and H4AQ, 
anthracenes of AQ and H4AQ, H8AQ and H4AQ-11,12-epoxide etc.[20, 21, 26-28] Only part 
of these by-products can be regenerated back to AQ and H4AQ in the post-treatment step, 
the rest of them will go to the waste water and crude H2O2 product. Therefore, makeup 
AQ has to be added to the working solution periodically to compensate the loss of AQ. 
Although the solvents used in the AO process are relatively stable, small amounts 
of them could still be hydrogenated or oxidized by generated H2O2 to form solvent-based 
by-products during operation. These solvent by-products will lose the ability to dissolve 
AQ and AQH2 and have to be removed from the working solution. Furthermore, some 
solvent can be carried out by off-gassing during the oxidation step.[20]  Therefore, makeup 
solvents have to be added to the system periodically. 
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Even though the solubility of AQ and the solvents in aqueous H2O2 is relatively 
low,[20] small amounts of them, together with the water-soluble degradation by-products, 
will dissolve in crude H2O2 in the extraction step. This will lead to the further loss of AQ 
and solvents and, more seriously, the contamination of crude H2O2. 
The lost AQ and solvents will eventually go to waste streams, which are waste 
water and tail gas from the oxidation step.[20] The waste water needs to be treated to 
decompose AQ (and its derivatives), solvents (and their derivatives) prior to its discharge. 
The organic solvents in tail gas have to be recovered by an adsorption method prior to its 
emission.[20] 
 
(2). Low efficiency and high energy consumption 
Although the AO process avoids the direct contact between O2 and H2, it uses AQ as a 
working carrier. Since 2-ethylanthraquinone (EAQ) is widely used by major H2O2 
producers, we use it as an example in the following discussion.  
The low efficiency is mainly due to the following reasons: (1). the limited 
solubility of AQ in the solvents, (2). controlled hydrogenation conversion, and (3) low 
H2O2 concentration in the working solution. As shown in Table 4, the solubility of EAQ 
in the solvents is in the range of 120~150g EAQ/L of working solution. In order to 
minimize side reactions in the hydrogenation step, the hydrogenation conversion is 
usually controlled at less than 70%. This means that only 80~105g EAQ/L of working 
solution participate in the reaction; therefore, the corresponding H2O2 concentration in 
the working solution is usually less than 1.5% (wt). Substantial extraction equipment has 
to be used and a large amount of working solution has to be circulated in order to obtain 
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commercially viable H2O2 solution, which is in the range of 27.5~70% (wt). For 
example, in order to obtain 1 metric ton of 50% H2O2, 40~50m3 of working solution has 
to be used or 1m3 of working solution has to be circulated for 40~50 times (this will 
result in the loss of significant amounts of EAQ if there is no regeneration). 
 
Table 4  Typical working solution composition in the AO process 
Item Component Amount in 1 liter of working 
solution, g  
Working carrier EAQ, H4EAQ 120~150 
Product H2O2 10~12 
Solvents C9~C11 alkyl-benzenes, 
TOP (or TBU, or DIBC) 
~800 (the density of working 
solution is ca. 0.93~0.95g/ml) 
 
As mentioned earlier, the crude H2O2 obtained in the AO process is contaminated 
by the organics in the working solution. This contaminated crude H2O2 has to be purified 
and concentrated prior to its commercial use. The purification and concentration process 
consumes large amounts of steam (approximately 10~20 pounds steam per pound 
H2O2[29]) in order to almost completely evaporate crude H2O2 solution.  
 
(3). Use of large amounts of solvents and working carrier (AQ) 
There are two major issues associated with the use of large amounts of solvents and AQ 
in the production of H2O2: (a) Process safety—the solvents (C9~C11 aromatics, TOP, 
TBU, or DIBC) and working carrier (AQ) used in the AO process are either flammable or 
combustible. Although safety measures are designed and installed in the commercial 
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plants, the risk still exists mainly due to the easy decomposition of H2O2. Figure 5 shows 
how severe the pollution (caused by the combustion of working solution ignited by an 
explosion) could be when the safety measures failed in a commercial H2O2 plant.[30]  
 
Hydrogen peroxide plant
 
Figure 5  Explosion of a H2O2 plant caused by the decomposition of H2O2 
 
(b). Large amounts of wastes are generated during the production of major raw 
materials used in the AO process: 2-ethylanthraquinone (EAQ) is widely used as the 
working carrier, and trioctylphosphate (TOP) and tetrabutyl-urea (TBU) are widely used 
as the polar solvent. However, the production of these raw materials uses substantial 
quantity of toxic chemicals and generates large amounts of wastes as shown by equations 
(2- 1) to (2- 4) and Table 5 to Table 7. For example, EAQ is produced by a Friedel-
Crafts acylation reaction. The synthesis of 1 ton of EAQ will consume about 2 tons of 
aluminum chloride (AlCl3) anhydride and 4~5 tons of oleum (20% in SO3) and generate 
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tens of tons of highly toxic wastewater (containing AlCl3, H2SO4, chlorobenzene and 
other organics).[31] The synthesis of TOP uses highly toxic phosphorus oxychloride 
(POCl3) and generates toxic hydrogen chloride (HCl).[32] The synthesis of TBU uses 
extremely toxic phosgene and also generates HCl.[33]  
 
C
C
O
O
O
C2H5
AlCl3+
O
COOH C2H5
 
2- 1 
O
COOH C2H5
Oleum
O
C2H5
O
 
2- 2
 
 
Table 5  Consumption of major raw materials used in the synthesis of EAQ 
Raw material Chemical formula Amount, kg/ton of EAQ 
Phthalic anhydride C8H4O3    975 
Ethylbenzene C6H5C2H5    725 
Aluminum chloride anhydride AlCl3 1,760 
Oleum (20% in SO3) H2SO4·SO3 4,200 
Chlorobenzene C6H5Cl    400 
Sodium hydroxide NaOH    200 
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POCl3 3 C8H17OH (C8H17O)3PO 3 HCl+ +
catalyst
 2- 3
 
 
Table 6  Consumption of major raw materials used in the synthesis of TOP 
Raw material Chemical formula Amount, kg/ton of TOP 
Phosphorus oxychloride POCl3    590 
2-Ethyl-1-hexanol CH3(CH2)3CH(C2H5)CH2OH 1,600 
Titanium butoxide Ti(OCH2CH2CH2CH3)4 Catalyst 
Sodium carbonate Na2CO3    150 
Sodium chloride NaCl    200 
Adsorbent      60 
 
 
(C4H9)2NH + ClCCl (C4H9)2N C
O
N(C4H9)2
O
2 +   2 HCl 
2- 4
 
 
Table 7  Consumption of major raw materials used in the synthesis of TBU 
Raw material Chemical formula Amount, kg/ton of TBU 
Di-butylamine (C4H9)2NH    769 
Phosgene COCl2    360 
15% Sodium hydroxide NaOH 2,088 
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2.2 DIRECT SYNTHESIS OF H2O2 FROM O2 AND H2 
The issues associated with the production of H2O2 via the AO process have led to the 
exploration of other possible methods in preparing H2O2. Direct synthesis of H2O2 from 
O2 and H2 is an attractive alternative to the current AO process. However, direct synthesis 
is also one of the most dangerous alternatives because the mixture of O2 and H2 is 
explosive in a broad concentration range. Although direct synthesis of H2O2 from O2 and 
H2 has been a research focus for decades, early research was performed almost 
exclusively by companies and the results were published in form of patents. Because of 
the strong demand for H2O2 and the increased interest in using H2O2 as an 
environmentally benign oxidant in recent years, researchers from academia started to 
examine direct synthesis of H2O2 from O2 and H2. This trend was confirmed by the 
dramatic increase in the number of papers published by researchers in academia recently. 
Table 8 summarizes the typical experimental results and related reaction conditions in 
the literature on direct synthesis of H2O2 from O2 and H2. As can be seen, the examined 
reaction systems can be homogeneous but are usually heterogeneous. The homogeneous 
reaction system was reported by Hancu et al[34, 35] using CO2 as the solvent and a CO2-
soluble palladium complex as the catalyst to synthesize H2O2 from O2 and H2. Because 
the mass transfer resistance was completely eliminated in this homogeneous system, the 
H2O2 yield reached as high as 38%. However, the synthesis of the CO2-soluble palladium 
catalyst was tedious and expensive.  
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Table 8  Typical experimental results for the direct synthesis of H2O2 in literature 
Catalyst Solvent 
(promoter) 
T, °C P, bar Time, 
hrs 
O2/H2 
ratio 
Inert 
gas 
H2O2 
yield,  % 
H2O2 
select.,% 
Reference 
Homogeneous reaction system 
[Pd(P(C6H4-C2H4-C6F13)3)2]Cl2 CO2/H2O  
(H2SO4/NH4Cl) 
25 172.4 3 7 CO2 ~38  Hancu et al[34, 35] 
Heterogeneous reaction system 
Pd/Porous clay pipe H2O No details were given Henkel et al[12] 
5%Pd/Silica gel Acetone/H2O 
(HCl/H2SO4) 
0 1 5 1 N2 7.5  Hooper[36] 
Pd/acid ion exchange resin MeCN/H2O 5 9.7 0.5 1 none  47.9 Kim et al[37] 
5%Pd/C Acetone/H2O 
(HCl/H2SO4) 
0 
 
8.6 
 
4 
 
3.4 
 
none 
 
~14.1  
 
Dalton et al [38] 
Pd+Pt/Al2O3 H2O (HCl) 5-8 137.9 3 4.6 none 40.1 69 Gosser et al[39] 
1%Pd,1.8%EAQ/Y zeolite H2O (HCl) 28 1 1 1 N2 4.1  Park et al[40] 
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Table 8 (continued) 
1%Pd+0.1%Pt/TS-1 MeOH/H2O 10 32  1.56 N2 <1  Meiers et al[41] 
0.6%Pd/Zeolite beta H2O (HCl) r.t. 1 1 1 He 13  Park et al[42, 43] 
Pd film/Pd-Ag alloy 
/alumina membrane 
H2O (H2SO4) 29  3   20~50 20~50 Choudhary et al[44] 
Pd:Au(1:1)/Al2O3 MeOH/H2O 2 37 0.5 1.2 CO2 8.8 14 Landon et al[18, 45]  
Pd, Au/C or SiO2  H2O  
(H2SO4, NaBr) 
8 60~80 2~8 11.3~
21.2 
N2  72~89 Bertsch-Frank et al[46] 
Au/SiO2 H2O (HCl) 15 10 2 0.43 none 0.64  Okumura et al[47] 
5%Pd/C H2O/MeCN 
(H3PO4, NaBr) 
r.t. 80 2 32.6 N2 30.7 64 Burch et al[48] 
5%Pd/SiO2 H2O   
(HCl, NaBr) 
10 1 5~20 4 none >8.1 >90 Lunsford et al[49, 50] 
Pd-Au/Al2O3 H2O or MeOH 
(H2SO4, NaBr) 
25 50  6.67 N2 13.6~49.7 29~72 Haas et al[51] 
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Table 8 (continued) 
Pd/Sulfonic acid polystyrene 
resin 
MeOH/H2O 
(HBr) 
40 100 2 24 N2 ~69.3 77 Blanco-Brieva et al[52] 
2.5%Pd-2.5%Au/α-Fe2O3 MeOH/H2O 2 37 0.5 2 CO2 15.6 22 Edwards et al[53] 
2.5%Pd-2.5%Au/TiO2 MeOH/H2O 2 37 0.5 2 CO2 12.8~40.9 61-89 Edwards et al[54] 
1%Pd-1%Au/SiO2 H2O  (H+) 10 1 2 6 none  30 Ishihara et al[55] 
5%Pd/SiO2 Ethanol/H2O 
(H2SO4) 
10 1 5 4 none 19.6 40 Han et al[56, 57] 
Pd+Pt/C H2O/MeOH 
(H2SO4, NaBr) 
35 51.7  6.1 Inert 
gas 
11.26 56 Rueter et al[58] 
Pd+Pt/C H2O/MeOH 
(H2SO4, NaBr) 
 34.5  1 none  36.0 60 Rueter et al[58] 
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Heterogeneous reaction systems were widely used by many researchers to directly 
synthesize H2O2 from O2 and H2. Typically, a gas-liquid-solid three-phase reactor was used with 
the gas phase being the mixture of O2 and H2 (with or without the addition of an inert gas), liquid 
phase being either alcohol, water or their mixture, and solid phase being precious metal loaded 
catalyst. The most widely used catalysts were palladium (Pd) and/or platinum (Pt) loaded on 
SiO2, Al2O3, TiO2, carbon or zeolite etc. Recently, nano-sized gold was found to exhibit high 
activity in catalyzing the direct synthesis of H2O2, especially when it was used together with 
Pd.[18, 53, 59, 60] Although a palladium membrane reactor[44] gave high yield in the direct synthesis 
of H2O2, it is too expensive to be used in large-scale applications due to its preparation process 
and its high palladium loading. 
For the direct synthesis of H2O2 in a gas-liquid-solid three-phase reactor, the following 
steps are necessary before O2 and H2 can react with each other on the active site of the catalyst, 
as illustrated by Figure 6:[61] 
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Figure 6  Concentration profiles in gas-liquid-solid three-phase reaction system 
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1. Transport of O2 and H2 from bulk gas to the gas film; 
2. Transport of O2 and H2 from the gas film to the gas-liquid interface; 
3. Transport of O2 and H2 from gas-liquid interface to the liquid film; 
4. Transport of O2 and H2 from the liquid film to the bulk liquid; 
5. Transport of O2 and H2 from the bulk liquid to the liquid-solid interface; 
6. Transport of O2 and H2 from the liquid-solid interface to the surface of catalyst; 
7. Intra-particle diffusion of O2 and H2 in the pores of the catalyst; 
8. Adsorption of O2 and H2 on the active sites of the catalyst; 
9. O2 and H2 react with each other to generate H2O2 on the active sites of the catalyst. 
 
In general, compared with the resistances in other steps, the mass transfer resistances in 
step 1, 4, 5 can be neglected. The resistances in step 7~9 depend on the physical properties of the 
catalyst and the reaction kinetics. The rate of mass transfer from gas to liquid can be written as 
(i=H2 or O2) 
 
)()( * LiiiLi CCaKN −=  2- 5
 
Where Ni is the rate of mass transfer per unit volume of the reactor, *iC is the solubility of 
gas i, CLi is the concentration of gas i in the bulk liquid, a is the gas-liquid interfacial area, and 
KL is the overall gas-liquid mass transfer coefficient. KL can be related to the individual gas-side 
and liquid-side mass transfer coefficient by the following equation 
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iLiGiiL akakHeaK )(
1
)(
1
)(
1 +=  2- 6
 
Where Hei is the Henry’s Law constant, kG is the gas-side mass transfer coefficient and kL 
is the liquid-side mass transfer coefficient. For sparingly soluble gases, such as H2 and O2, the 
term KLa can be approximated to kLa since the value of (He kGa) is much larger than that of kLa.   
 
akaK LL ≅  2- 7
 
The rate of mass transfer from the bulk liquid to the surface of the solid catalyst can be 
expressed as 
 
)()( SiLiiSSi CCakN −=  2- 8
 
Where kS is the liquid-solid mass transfer coefficient, aS is the external surface area of 
catalyst per unit volume of the reactor and CSi is the concentration of gas i at the catalyst surface. 
By combining equation (2- 5) and equation (2- 8), the overall rate of mass transfer of gas 
i from the gas phase to the surface of catalyst can be expressed as  
 
iSSiL
Sii
i
akak
CCN
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1
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1
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2- 9
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Where kL and a can be estimated by the following equations:[62, 63]  
 
21838321855.0 vsLABL dDgk
−= σρ  2- 10
vs
g
d
a
ε6=  2- 11
 
Where g is gravitational constant, DAB is liquid phase diffusivity, ρL is liquid density, σ is 
surface tension, dvs is the Sauter mean bubble diameter and εg is gas holdup. Bubble size dvs 
decreases with increasing operating pressure and decreasing surface tension of liquid phase. 
Many experimental conditions can affect εg,[62] e.g. increasing operating pressure will increase 
gas holdup εg. The properties of the liquid phase also influence gas holdup: gas holdup increases 
with a decrease in liquid viscosity, or surface tension. The surface properties of the liquid phase 
play an important role in gas holdup. For example, the addition of small amount of short chain 
alcohols into pure water could cause great increase in gas holdup.[64] 
For sparingly soluble gases O2 and H2, the overall rate of mass transfer plays a key role in 
carrying out the direct synthesis of H2O2 in three-phase reactors since the reaction itself is 
relatively fast. And also, in general, the SS ak  value is much larger than the kLa value. The effect 
of SS ak  on overall rate of mass transfer can be, therefore, omitted. Any methods that can cause 
the increase in the overall rate of mass transfer will lead to an increase in the H2O2 yield. These 
include (1) increasing the solubility of the gases by increasing reaction pressure or by using 
solvents that have higher gas solubility, (2) increasing gas holdup and decreasing bubble size by 
adding short chain alcohols to water or by increasing reaction pressure, (3) using solvents with 
lower viscosity and surface tension. 
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From Table 8, we can find that many researchers followed these guidelines by (1) using 
high reaction pressure since higher pressure leads to higher gas solubility, smaller bubble size 
and higher gas holdup; (2) using acetone or alcohols as the solvent since O2 and H2 are more 
soluble in them as shown in Table 9.[65] The comparison of estimated overall rate of mass 
transfer between an H2-water system and  the H2-methanol system given by Krishnan et al[65] 
clearly showed (see Table 10 for details) the advantages of using alcohol as the reaction solvent. 
The SS ak and kLa values given in Table 10 also proved that the contribution of SS ak  toward the 
overall rate of mass transfer was negligible. 
The results disclosed by Rueter et al[58] also verified that the addition of small amounts of 
methanol had significant influence on the direct synthesis of H2O2 from O2 and H2 in water with 
precious metal as the catalyst: In one example, the H2 conversion was increased from 13.6% to 
20.1%, while the H2O2 selectivity was increased from 46% to 56% when 2% methanol was 
added to water containing 1%H2SO4 and 5ppm NaBr; in another example, the H2 conversion was 
increased from 33% to 60% under similar H2O2 selectivity (60~65%).   
 
Table 9  Solubility of H2 and O2 in various solvents at room temperature 
Solvent Solubility of H2, mg/L Solubility of O2, mg/L 
Water (H2O) 1.62 40 
Methanol (MeOH) 7.91 324 
Ethanol (EtOH) 7.50 320 
Acetone 8.15 364 
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Table 10  Comparison of mass transfer rates between H2-Methanol and H2-Water  
Item H2-Methanol H2-Water 
Liquid diffusivity, DAB, cm2/s 4.5×10-3 2.4×10-3 
Viscosity, cP 0.54 0.89 
Mass transfer coefficient, kL, cm/s 0.467 0.28 
Gas-liquid interfacial area, a, cm2 0.71 0.38 
kLa, cm3/s 0.33 0.11 
Minimum SS ak , cm
3/s (Assume mean catalyst 
diameter=100μm, suspended in stagnant liquid) 
9.6 5.1 
Overall rate of mass transfer, NH2, mmol/min  0.079 0.0053 
 
Mineral acid (HCl, H2SO4, or H3PO4) and bromide were widely used as the promoters. 
Mild temperatures were used by most researchers in order to minimize H2O2 decomposition. 
The O2/H2 molar ratios used in direct synthesis were usually high enough to avoid 
operating in the explosive range. For lower O2/H2 molar ratio, an inert gas was used to dilute the 
O2 and H2 mixture.   
The latest progress in direct synthesis was recently reported by Degussa/ Headwaters:[66] 
a pilot plant was reported to be undergoing testing and the process could be commercialized 
soon. The companies disclosed that methanol was used as the solvent in this new process; safety 
issue could still exist since methanol is a flammable and volatile organic solvent, and 
furthermore methanol will likely be oxidized during the synthetic process, forming formaldehyde 
and other by-products.[67, 68] The product obtained in this direct synthetic process was dilute H2O2 
in methanol (implying the need of large amounts of methanol); concentration and separation 
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processes are required in order to obtain a commercially viable aqueous H2O2 solution. 
Therefore, this new process was not intended to replace the current AO process; it was rather to 
be used as an in situ H2O2 source for a new propylene oxide production process. 
CO2 could be used to replace methanol as the solvent for in situ generation of H2O2 from 
O2 and H2. A CO2-based system has the following advantages:[17] (1) As mentioned before, the 
mixture of O2 and H2 is explosive in a broad concentration range. Recently Pande and 
Tonheim[69] pointed out that the non-explosive limit for a gas mixture of O2 and H2 in CO2 is 
significantly higher than that in N2. (2) CO2 can not be further oxidized. (3) Since O2 and H2 are 
all miscible with CO2 at temperature above 31°C, the mixture of O2, H2 and CO2 will form a 
homogeneous fluid phase. This will dramatically reduce, or even eliminate, mass transfer 
resistances. (4) CO2 is non-flammable (a significant safety advantage over conventional organic 
solvents), naturally abundant, easy to obtain and less toxic than many other organic solvents [the 
threshold limit value (TLV) of CO2 is 5000ppm, while the TLV values for acetone, methanol and 
benzene are 750ppm, 200ppm and 0.5ppm, respectively]. Therefore, it is expected that the direct 
synthesis of H2O2 from O2 and H2 in compressed CO2 could be carried out more effectively than 
that in the conventional solvents.  
However, some contradictory conclusions have been reported in the literature. 
Beckman[23] and Danciu et al[19] had previously found that propylene oxide (PO) could be 
effectively generated from the oxidation of propylene by in situ generated H2O2 from O2 and H2 
using Pd/TS-1 as the catalyst and compressed CO2 as the solvent. However, Landon et al[18] 
reported that the generation of H2O2 in CO2 was not as effect as that in the conventional solvents. 
The reason is that, until now, there has not been a reliable method available to measure the 
amount of in situ generated H2O2 in compressed CO2 since: (1) it is difficult to accurately take 
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H2O2 sample from a high pressure reactor filled with compressed CO2; (2) the precious metal 
catalyst used in the direct synthesis of H2O2 can also catalyze the decomposition of generated 
H2O2, as was observed by Landon et al.[18] Therefore, simply releasing the reaction pressure and 
then taking H2O2 samples for titration after reaction is not likely to be the best method to 
accurately measure the amount of in situ generated H2O2 in compressed CO2.  
2.3 APPLICATION OF IN SITU GENERATED H2O2 IN GREEN OXIDATION 
2.3.1 Green synthesis of propylene oxide 
Propylene oxide (PO) is an important bulk chemical with a global annual capacity of ca. 7 
million metric tons.[70] It is used primarily as a reaction intermediate in the production of 
polyether polyols (ca. 60%, a raw material for polyurethanes), followed by propylene glycol 
(PG, 21%, a raw material for unsaturated polyester resins). Other uses include the production of 
propylene glycol ethers, flame retardants, synthetic lubricants, oilfield drilling chemicals, 
propylene carbonate, allyl alcohol, isopropanolamines etc.  
PO is currently produced by two major industrial methods:[71] namely the chlorohydrin 
and hydroperoxide processes. In the chlorohydrin process, propylene is reacted first with 
chlorine to generate a propylene-chloronium complex. This complex is then reacted with water 
to form 1-chloro-2-propanol (PCH 1, ca. 90%) and 2-chloro-1-propanol (PCH 2, ca. 10%) as the 
intermediates. During this process, some by-products (e.g. 1,2-dichloropropane, 1,3-dichloro-2-
propanol, 2,3-dichloro-1-propanol and 2,2’-dichlorodiisopropyl ether etc.) can also be generated. 
PCH 1 and PCH 2 both are able to react with a base (e.g lime) to produce PO. The major 
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chemical reactions are given by equations (2- 12) to (2- 15). The issues associated with the 
chlorohydrin process are the use of chlorine, the complicated reaction mechanism leading to the 
formation of several wastes, and the generation of a stoichiometric amount of salt waste. The 
total waste generated during the production of PO by the chlorohydrin method is roughly about 
40 times that of the PO produced.[19]  
  
CH3CH CH2 +   Cl2 CH3C CH2
Cl+ Cl-
Propylene-chloronium complex  
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The hydroperoxide process uses either tert-butyl hydroperoxide or ethylbenzene 
hydroperoxide as the oxidant to epoxidize propylene. In the tert-butyl hydroperoxide process, 
iso-butane is first oxidized by oxygen in liquid phase to generate a mixture of tert-butyl 
hydroperoxide (ca. 50% in selectivity and 20~30% in yield) and tert-butanol (ca. 46% in 
selectivity). After separation, tert-butyl hydroperoxide is then reacted with propylene to produce 
PO. The major reactions are given by equations (2- 16) and (2- 17).    
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OOH
+ CH3CH CH2 CH3CH CH2
O
+ CH3C(CH3)2
OH
Catalyst
 2- 17
 
In the ethylbenzene hydroperoxide process, ethylbenzene is first oxidized by oxygen in 
the liquid phase to generate a mixture of ethylbenzene hydroperoxide and acetophenone etc.; the 
generated hydroperoxide is then used to oxidize propylene over a catalyst to form PO and 1-
phenylethanol. The co-product, 1-phenylethanol, together with acetophenone (which is first 
converted to 1-phenylethanol via hydrogenation), is dehydrated to styrene in a vapor phase 
reaction over a catalyst. These major reactions are expressed by the following equations (2- 18) 
and (2- 21). 
 
CH2CH3 CHCH3 CCH3
OOH O
+   O2 +
 
2- 18
CHCH3
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+ CH3CH CH2
Catalyst CH3CH CH2
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CHCH3
OH
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O
+   H2
Catalyst
CHCH3
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CHCH3
OH
Catalyst
CH CH2 +   H2O
 
2- 21
 
The problems associated with these hydroperoxide processes are (1) low hydroperoxide 
yields due to the low selectivity and safety concerns. Therefore complicated separation and 
purification measures have to be used in order to obtain the desired hydroperoxides; (2) the 
generation of large quantity of tert-butanol or styrene as co-product. The production of 1 ton of 
PO is usually accompanied by the generation of 3~4 tons of tert-butanol or 2.4 tons of styrene.[71] 
Therefore, the PO market is strongly affected by the market for tert-butanol and styrene.  
In order to avoid the generation of waste and co-products, extensive studies[67, 71, 72] have 
been conducted to find means by which to use hydrogen peroxide (H2O2), a green oxidant, to 
replace chlorine and hydroperoxides, especially after the discovery of titanium silicalite (TS-1) 
in 1980s.[13] TS-1 has unique catalytic activity for the selective oxidation of some organic 
compounds with aqueous H2O2, especially in the epoxidation of lower olefins. Experimental 
results[67] have showed an almost quantitative yield of PO (from propylene) under mild reaction 
conditions using a dilute methanol solution of H2O2. The preferred solvent in carrying out this 
epoxidation reaction is methanol or the mixture of methanol and water. Without methanol, a 
significant decrease in PO selectivity could be observed. The proposed mechanism is that 
methanol could actively interact with H2O2 and TS-1 to form a cyclic structure according to 
Scheme 1[73], in which methanol coordinates with the Ti centers and stabilizes the Ti-peroxo 
complex through hydrogen bonding, thus enhances the propylene conversion and PO selectivity.  
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Scheme 1  Interaction between methanol and TS-1 in using H2O2 as the oxidant 
 
Recently, Dow and BASF[70] announced the construction of the first commercial PO plant 
using pre-manufactured H2O2 to epoxidize propylene. Nevertheless, there are several issues 
associated with using pre-manufactured H2O2 according to the 12 principles of green chemistry. 
As described earlier that the current industrial production method of H2O2, the anthraquinone 
auto-oxidation (AO) process, is not as green as one would prefer due to the generation of wastes, 
use of large volumes of organic solvents, low efficiency and high energy consumption. More 
seriously, the production of major raw materials [2-alkylanthraquione, trioctylphosphate (TOP) 
and tetrabutyl urea (TBU)] used in the AO process uses toxic chemicals and generates various 
wastes. From Section 2.1 we know that the production of 1 ton of 2-ethylanthraquinone (EAQ) 
will consume about 2 tons of aluminum chloride anhydride and 4~5 tons of oleum (20% in SO3) 
and generate tens of tons of wastewater (containing AlCl3, H2SO4 and various organics). The 
production of TOP uses phosphorus oxychloride and generates hydrogen chloride (HCl) as 
waste. The production of TBU uses extremely toxic phosgene and also generates HCl. Therefore, 
using pre-manufactured H2O2 to produce PO would mean the shift of human health and 
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environmental burden from the manufacture of PO (by either the chlorohydrin or hydroperoxide 
processes) to the production of H2O2 and the raw materials used in the AO process.  
From both environmental and economic points of view, it is attractive to use in situ 
generated H2O2 (synthesized from O2 and H2) to replace pre-manufactured H2O2 and hence this 
route has been investigated extensively over the past decade.[19, 68, 74, 75] The major achievements 
are summarized in Table 11. In general a bifunctional catalyst is used to epoxidize propylene by 
the in situ generated H2O2: Here precious metal (Pd, Pt, Au or their combination) loaded on a 
“support” functions as the catalyst for the in situ generation of H2O2 from O2 and H2, while the 
“support”, usually a titanium silicalite (TS-1) molecular sieve, catalyzes the epoxidation of 
propylene. The reaction can be carried out in either gas phase or liquid phase. Gas phase 
oxidation usually was operated in a continuous mode with relatively high reaction temperature 
(>100°C), and, an inert gas was used to dilute the reactants for safety. In general, the obtained 
propylene conversion was less than 10% in order to maintain PO selectivity. Recent results given 
by Chowdhury et al[75] showed ca. 7% of propylene conversion and ca. 90% of PO selectivity 
with the PO production rate of 0.064-0.08g h-1(g cat)-1 when trimethylamine was used as a 
promoter. In the liquid phase oxidation, a mixture of methanol and water was used as the solvent 
because, as proposed by Clerici et al,[73] methanol could interact with the active site of TS-1 to 
enhance the selectivity of epoxidation. Attempts to increase propylene conversion usually led to 
a considerable decrease in PO selectivity due to the hydrogenation of propylene and other side-
reactions. For example, Laufer and Hoelderich[76] reported that at a propylene conversion of 
21%, the PO selectivity was only 71% in a semi-batch reactor. Using compressed CO2 as the 
solvent was also explored by Danciu et al[19] and Beckman[23]. Similar to the results obtained in 
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gas and liquid phase oxidation, the attempts to increase propylene conversion also resulted in the 
considerable decrease in PO selectivity. 
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Table 11  Direct oxidation of propylene by the mixture of oxygen and hydrogen in literature 
Catalyst Solvent 
(promoter) 
T, °C P, bar Time, 
hrs 
O2/H2/C3H6 
ratio 
Inert 
gas 
C3H6 conv.  
% 
PO 
select.,% 
Reference 
8.0%Au/Ti-MCM-41 - 100 1 Cont. 1/1/1 Ar 3.1 92 Uphade et al[77] 
16%Au/Ti-MCM-48 - 100 1 Cont. 1/1/1 Ar 3.0 92 Uphade et al[78] 
0.05%Au/TS-1 - 200 - Cont. 1/1/1 He 8.8 81w Taylor et al[79] 
Au/TS-1 - 
(trimethylamine) 
150 1 Cont. 1/1/1 Ar ~7 ~90 Chowdhury et al[75] 
0.47%Pd/TS-1 Compressed CO2 45 131 4.5 2.08/0.32/1 - 7.5 
9.5 
94.3 
77.1 
Danciu et al[19], 
Beckman[23] 
(1.0%Pd+0.1%Pt)/TS-1 MeOH/H2O 43 32 2 1.4/1/? N2 11.7 46.0 Meiers et al[74] 
(1%Pt+0.02%Pd)/TS-1 MeOH/H2O 43 50 ~1 0.4/0.25/1 N2 3.5 99 Jenzer et al[68] 
(1%Pd+0.02%Pt)/TS-1 MeOH/H2O 43 7 2 13.1/13.1/1 N2  21 71 Rueter et al[58] 
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2.3.2 Green synthesis of adipic acid using H2O2 
Adipic acid is the most important dicarboxylic acid; its global annual capacity is ca. 2.99 million 
metric tons.[80, 81] It is mainly used as a raw material in the production of nylon-6,6 fiber (62%), 
nylon-6,6 engineering resin (22%), polyester polyols (9%) and plasticizers (4%) etc. The 
dominant technology for the production of adipic acid is the liquid phase oxidation of KA oil (a 
mixture of cyclohexanone and cyclohexanol) by nitric acid. The major producers and their 
market shares are shown in Figure 7[81]. It can be seen that, even after being commercialized for 
over 50 years, this technology is still highly controlled by several companies. For example, the 
capacities of Koch (formerly owned by DuPont), Rhodia, Solutia and BASF accounts for ca. 
80% of global capacity.  
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Figure 7  Major adipic acid producers and their market shares 
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The starting materials for the industrial production of adipic acid are either cyclohexane 
or phenol, but cyclohexane is dominant. The oxidation of cyclohexane to adipic acid involves 
two typical oxidation reactions. The first reaction is the catalytic oxidation of cyclohexane by air 
to a mixture of cyclohexanone/cyclohexanol—referred to as KA (Ketone/ Alcohol) oil. The 
second reaction is the oxidation of KA oil to adipic acid by nitric acid with the generation of 
nitrous oxide as a waste.  
The liquid phase oxidation of cyclohexane by air is usually carried out over cobalt or 
manganese naphthenate or octanoate in an oxidation tower, or a series of agitated reactors at 
125~165°C and 8~15bar.[82, 83] The reaction pathways are shown by equation (2- 22), 
cyclohexane was first oxidized to form cyclohexylhydroperoxide; this intermediate can be 
catalytically converted to the KA oil. The conversion of cyclohexane is usually less than 10% in 
order to avoid the formation of by-products, even though the selectivity to KA oil is only in the 
range of 80~85%. When boric acid is used as the oxidation promoter, the selectivity can be 
further improved under similar cyclohexane conversion. 
 
O2
Cat.
OOH
O2
Cat.
OH O+
 
2- 22
 
 
As an intermediate, KA oil is further catalytically oxidized by nitric acid through the 
complicated reaction pathways[6, 84] to adipic acid. The adipic acid yield is ca. 93~95% and the 
major by-products are glutaric acid and succinic acid.  
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The environmentally undesirable features of this multi-step process are:  
(1). Generation of stoichiometric amount of nitrous oxide as a by-product shown by 
equations (2- 23) and (2- 24). Theoretically, in order to obtain one kilogram of adipic acid, 
0.32kg of nitrous oxide will be generated.[82] The industrial survey conducted in an adipic acid 
plant in Japan showed that the emission coefficient of nitrous oxide (N2O) is 0.25kg N2O/kg of 
adipic acid.[85] Thus the annual emission of N2O from adipic acid production is ca. 0.7 million 
tons.  
 
OH +   2 HNO3
Cu2+, V5+
COOH
COOH
+   N2O   +   2 H2O
 
2- 23
O +   1.5 HNO3
Cu2+, V5+
COOH
COOH
+  0.75 N2O  +  0.75 H2O
 
2- 24
 
(2). The chemical reactions shown by equations (2- 23) and (2- 24) also imply that at 
least stoichiometric amount of nitric acid is needed in the production of adipic acid. This makes 
it the only industrial process using nitric acid to produce a bulk chemical. Furthermore, the 
production of nitric acid also generates nitrous oxide with the emission coefficient of 2.9kg 
N2O/ton of nitric acid.  
Nitrous oxide is a harmful gas to the environment by contributing to the greenhouse 
effect and the ozone layer depletion (although the mechanism is complicated, there is no doubt 
on the negative effect of nitrous oxide on the ozone layer). As a greenhouse gas, nitrous oxide is 
very stable with a life time of about 150 years, its global warming potential is 310 times higher 
than that of carbon dioxide.[86] Therefore it has to be destroyed prior to its emission.  
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Various abatement technologies developed by the adipic acid producers to cut the N2O 
emissions are listed in Table 12.[85, 87-89] It can be seen that thermal and catalytic decompositions 
are the dominant technologies. Although these abatement technologies can cut N2O emission, 
they will also increase the operating cost[87] or initial investment dedicated to environmental 
protection facilities.  
 
Table 12  Current N2O abatement technologies 
Company Technology Start-up date Characteristics  
DuPont Thermal decompose 
Catalytic decompose 
1958, 1976 
1997 
No increased cost 
98% decomposed 
Rhodia Partially recycle  20% N2O recycled 
Solutia Oxidize benzene No industrial 
operation 
To produce phenol  
BASF Catalytic decompose 1997 Increased cost 
90~95% decomposed 
Asahi Kasei Thermal decompose 1999 Increased cost 
98% decomposed 
Radici Chimica Catalytic decompose 2001 Increased cost 
 
 
(3). Low conversion and selectivity in the oxidation of cyclohexane makes it one the least 
effective industrial processes in operation. Therefore, complicated facilities have to be used in 
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order to separate KA oil, un-reacted cyclohexane and by-products, and to recycle the un-reacted 
cyclohexane. 
(4). The chromium and cobalt salts in waste stream need to be treated before their 
discharge.    
 
Cyclohexene could be considered as a potential alternative raw material to replace cyclohexane 
in the synthesis of adipic acid using green oxidant, H2O2, as the oxidant. This has been a research 
focus for years and the recent major achievements are summarized in Table 13. Sato et al[11] first 
reported that cyclohexene could be effectively oxidized by 30% H2O2 using Na2WO4·2H2O as a 
catalyst and [CH3(n-C8H17)3N]HSO4 as a phase transfer catalyst (PTC); adipic acid yield could 
reach as high as 93%. The reaction pathway was shown by Scheme 2 and the total reaction can 
be expressed by equation (2- 25). The detection of intermediates 3 and 5 supported this reaction 
pathway. However, one of the drawbacks of this process is the use of expensive and harmful 
phase transfer catalyst (PTC). The improvement had been made by using organic acids to replace 
PTC since tungstate and selected organic  acids could form a peroxytungstate-organic 
complex.[90, 91]  
Recently Lee et al[92] experimentally proved that a titanium framework-substituted 
aluminophosphate number 5 (TAPO-5) zeolite was also an effective catalyst in carrying out the 
oxidation of cyclohexene to adipic acid using aqueous H2O2 as the oxidant, the mechanistic 
reaction pathway given by Lee et al[92] was shown in Scheme 3. The significance of Lee et al’s 
work is they identified that (1) the oxidation of cis-cyclohexanediol was faster than that of trans-
cyclohexanediol; (2) trans-cyclohexanediol was generated through the hydrolysis of cyclohexene 
oxide, while cis-cyclohexanediol was generate via a radical mechanism directly from 
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cyclohexene, (3) the proposed mechanistic pathway was based on the identification of each 
intermediate.  
 
Table 13  Literature results for the oxidation of cyclohexene by H2O2 
Catalyst Solvent T,  
°C 
Time, 
h 
Molar 
ratio 
Conv., 
% 
AA Yield, 
 % 
Reference 
Na2WO4/PTC - 75~90 8 4.4:1  93 Sato et al[11] 
Na2WO4/ligand - 94 8 4.4:1  93~95 Deng et al[90] 
OsO4/NMM/Flavin TEAA/ 
Acetone 
20 26 1.5:1  91 
(diols) 
Jonsson et al[93] 
Na2WO4/ligand - Reflux 8 4.4:1  88.0 Jiang et al[91] 
Fe(TPA) MeCN 4 0.5 4:1 75 45/30(diol 
/epoxide)  
Ryu et al[94] 
TAPO-5 - 80 72 3.6:1(?) 100 30.3 Lee et al[92] 
W-MCM-41 HOAc 80 1 1:1 90-95 ~80 (diol) Zhang et al[95] 
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Scheme 2  Reaction pathways for the direct oxidation of cyclohexene to adipic acid using 
tungstate and phase transfer catalyst 
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However, one of the major obstacles in using cyclohexene as an alternative raw material 
to produce adipic acid is the use of large amount of pre-manufactured H2O2: Theoretically, at 
least 4 moles of H2O2 are needed in order to oxidize 1 mole of cyclohexene to adipic acid. 
Therefore, even though the oxidation of cyclohexene by H2O2 is a green method to adipic acid, it 
can not compete with current industrial method economically since the current price of pre-
manufactured H2O2 is too high.  
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3.0  RESEARCH OBJECTIVES 
The primary research objective of this study is, using the principles of green chemistry as a 
guideline, to conduct research on the direct synthesis of H2O2 from O2 and H2 using compressed 
CO2 as the solvent over precious metal loaded titanium silicalite (TS-1) and its application in 
green oxidation reactions, e.g. the epoxidation of propylene to propylene oxide, the oxidation of 
cyclohexene to adipic acid etc. In order to achieve this objective, the following research  were 
conducted:  
1. develop a new green chemistry metric with the consideration of both quality (hazards to 
both human health and the environment) and quantity of involved chemicals to guide the 
exploration of green technologies in the direct synthesis of H2O2, oxidation of propylene 
and cyclohexene by in situ generated H2O2; 
2. establish a method to measure the amount of in situ generated H2O2 from O2 and H2 in 
compressed CO2 over precious metal loaded TS-1; 
3. synthesize bi-functional catalysts, precious metal loaded molecular sieves (TS-1 and W-
MCM-41), in order to carry out the direct synthesis of H2O2 and green oxidation 
simultaneously; 
4. verify whether H2O2 can be effectively synthesized from O2 and H2 in compressed CO2 
over precious metal loaded TS-1; 
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5.  examine the effects of the following experimental conditions on H2 conversion, H2O2 
selectivity and yields in direct synthesis of H2O2 from O2 and H2 in compressed CO2: 
stirring speed, O2/H2 molar ratio, H2 concentration, catalyst mass, palladium content and 
the addition of platinum;  
6. use the  in situ generated H2O2 from O2 and H2 in compressed CO2 over precious metal 
loaded TS-1 to epoxidize propylene to propylene oxide; the focus is to develop a method 
to effectively suppress the side-reactions encountered during epoxidation; 
7.  explore the possibility to oxidize cyclohexene to adipic acid using in situ generated H2O2 
from O2 and H2 in compressed CO2 over precious metal loaded TS-1 and W-MCM-41.   
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4.0  DEVELOPMENT OF A GREEN CHEMISTRY METRIC 
“When you can measure what you are speaking about, and express it in numbers, you know 
something about it; but when you cannot measure it, when you cannot express it in numbers, 
your knowledge is of a meagre and unsatisfactory kind; it may be the beginning of knowledge, 
but you have scarcely, in your thoughts, advanced to the stage of science.” This famous quote by 
Lord Kelvin (1824-1907) clearly stated the importance in using numbers in scientific studies. 
This is also true to green chemistry since whenever you talk about a green technology, the 
following question will be raised naturally: “So you think your process (or product) is green, 
how do you know?”[96] Green chemistry metrics should be used as a tool to address this question. 
Green chemistry metrics emerged along with the introduction of green chemistry. At present, 
various green chemistry metrics have been developed to carry out this task. In general, these 
metrics can be divided into two types: Type I metrics are represented by E-factor,[97] atom 
economy (AE)[98] and reaction mass efficiency (RME)[96] etc. The definition of these metrics and 
their calculation methods are summarized in Table 14.  
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Table 14  Some representatives of Type I metrics in green chemistry 
Metric Definition Calculation Reference 
E-factor Amount of waste (anything 
that is not the desired 
product) produced per 
kilogram of product 
product kg
(kg)  wasteofamount  
Sheldon[97] 
Atom efficiency 
(AE) 
How much of the reactants 
end up in the product  
100
reactants of  w.m. 
product of  w.m. ×  Trost
[98] 
Reaction mass 
efficiency (RME) 
Percentage of the mass of 
the reactants that remain in 
the product 
100
reactants of mass 
product of mass ×  Constable et 
al[96] 
 
 
Because of their simplicity, these metrics are widely used by many researchers. However, 
when examining these metrics, we can find that they consider only one aspect of green 
chemistry—the quantity of involved chemicals, while ignoring another important aspect of green 
chemistry—the quality (hazards to both human health and the environment) of these chemicals. 
This ignorance could, in some case, result in a false conclusion when we use them to compare 
the greenness of different synthetic methods. For example, we assume a product can be 
synthesized by two different processes PA and PB; in order to produce 1 mole of this product, 
process PA will generate 1 mole of NaCl (58.45g) as waste, while process PB generates 1 mole of 
NaCN (49g) as waste. The application of E-factor shows that process PB is greener than PA. 
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However, in industrial practice, the cost of treating NaCN will be much higher than that of NaCl 
since NaCN is more toxic than NaCl.  
As we mentioned earlier, in the industrial production of adipic acid (AA), HNO3 is used 
to oxidize cyclohexanol (CHANol), cyclohexanone (CHAO) or their mixture (KA oil) as shown 
by equations (4- 1) and (4- 2). Many researchers have explored the possibility to use a green 
oxidant to replace nitric acid. H2O2 is one of the more interesting oxidants since water is the only 
by-product in using H2O2 to oxidize CHANol and CHAO[99] [see reactions (4- 3) and (4- 4)]. 
However, the application of E-factor, AE and RME given in Table 15 shows the contradictory 
conclusion hat HNO3 was greener than H2O2 in the synthesis of adipic acid (AA). The 
calculation of RME was based on data listed in Table 16. 
 
OH +   2 HNO3
Cu2+, V5+
COOH
COOH
+   N2O   +   2 H2O
 
4- 1
O +   1.5 HNO3
Cu2+, V5+
COOH
COOH
+  0.75 N2O  +  0.75 H2O
 
4- 2
OH +   4 H2O2
COOH
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+   5 H2O
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4- 3
O +   3 H2O2
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+   3 H2O
H2WO4
 
4- 4
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Table 15  Application of Type I metrics in the production of adipic acid using different oxidants 
Reactant Oxidant E-factor AE, % RME, % 
50~70% HNO3 0.55 64.6 59.0 CHANol 
30% H2O2 0.62 61.9 50.9 
50~70% HNO3 0.32 75.9  CHAO 
30% H2O2 0.37 73.0 62.9 
KA oil (1:1) 50~70% HNO3   68.4 
 
 
 
Table 16  Experimental data used for calculating RME 
H2O2 as the oxidant[99] HNO3 as the oxidant[100, 101] 
Chemical Wt, g Chemical Wt, g Chemical Wt, kg Chemical Wt, kg 
CHANol 100 CHAO 100 CHANol 727.3 KA oil 751 
H2O2 149.4 H2O2 114.6 HNO3 967 HNO3 710 
AA 127 AA 135 AA 1000 AA 1000 
H2WO4a 2.5 H2WO4a 2.5 NH4VO3a 1.15 NH4VO3a 2.3 
H2Ob 97.1 H2Ob 60.7 Cua 3 Cua 5 
    N2Ob 337.7 N2Ob 248 
    H2Ob 269 H2Ob 173 
Note: a: Chemicals served as the catalysts; 
          b. Values calculated according to the related chemical reactions. 
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Type II metrics are represented by TRACI (Tool for the Reduction and Assessment of 
Chemical and Other Environmental Impact)[102] and BASF’s eco-efficiency.[103] TRACI is a 
computer program developed by the U.S. Environmental Protection Agency (EPA) with the 
consideration of impact of a product on sustainable development. The 12 impact categories 
selected by TRACI are: ozone depletion, global warming, smog formation, acidification, 
eutrophication, human health cancer, human health non-cancer, human health criteria pollutants, 
eco-toxicity, fossil fuel depletion, land use and water use. BASF’s eco-efficiency selects the 
following five environmental impact categories: energy consumption, emissions, material 
consumption, toxicity potential, and abuse and risk potential. The emissions include emissions to 
air (the impact category for emissions to air includes global warming potential, ozone depletion 
potential, photochemical ozone creation potential and acidification potential), emissions to water 
and solid wastes. Furthermore, overall weighting factors (which include relevance factors and 
societal weighting factors) were used to obtain environmental fingerprint.  
The following are issues associated with Type II metrics: (1) Due to the complexity of 
these metrics, the collection of required data could be a tedious burden to a researcher at the 
early stage of designing and developing a new synthetic method; (2) Anastas and Warner[2] 
pointed out that “the goal of green chemistry must involve the full range of hazards (toxicity, 
explosivity, and flammability) and not be focused simply on pollution or ecotoxicity.” However, 
Type II metrics consider toxicity of a chemical, but fail to address both flammability and 
reactivity (or physical hazard) of a chemical—two important impact factors in the design and 
development of a chemical product and process. 
Therefore, it is necessary to develop a new green chemistry metric with the consideration 
of both quantity and quality of involved chemicals. Furthermore, it should be easy to use.  
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4.1 DEFINITION OF GREENNESS INDEX FOR A CHEMICAL (GIC) 
The core concept of green chemistry is to reduce or eliminate the use or generation of hazardous 
substances (chemicals). A green chemistry metric which can properly address this concept 
should consider both quantity and quality of chemicals involved in a chemical process. The 
quantities of chemicals are easy to determine based on either stoichiometric relationship or the 
amounts of chemicals used in a chemical process. The quality of chemicals should be expressed 
by their impacts on both human health and the environment. In this study, the selected impact 
factors were the persistent and bioaccumulation, hazard (health, flammability, reactivity or 
physical hazard etc), global warming and ozone depletion etc. The persistent and 
bioaccumulation issue will be discussed latter. All the parameters used to address hazard should 
be simple to use and easy to access. The following available hazardous information systems are 
potential candidates: HMIS (Hazardous Materials Identification System[104]), NFPA (National 
Fire Protection Association[105]), SAF-T-DATA (developed by J. T. Baker[106]) and WHMIS 
(Workplace Hazardous Materials Information System developed by the Canadian 
government[107]) etc. One common feature of these systems is that numeric ratings are used to 
indicate the degree of hazard of a chemical. After comparing all these information systems, 
HMIS was adopted in this study. HMIS was developed by the National Paint & Coatings 
Association (NPCA) to help employers comply with OSHA's Hazard Communication Standard 
(HCS).[108] It includes three hazard factors: health, flammability and reactivity (or physical 
hazard in the newly released third edition). As can be seen from Table 17 the rating scale for 
each factor is in the range of 0~4 for different chemicals according to their hazards.[109] This 
system has been widely adopted by major reagent and gas suppliers in their MSDS’s. In this 
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study, the adopted hazardous ratings were from the MSDS’s given by Sigma-Aldrich, Praxair 
and BOC Gases etc.     
 
 
Table 17  Hazardous ratings defined by HMIS 
Rating Health rating (HR) Flammability rating (FR)  Physical hazard (or Reactivity, 
RR) 
4 Life-threatening, 
major or 
permanent damage 
may result from 
single or repeated 
overexposures. 
Flammable gases, or very 
volatile flammable liquids 
with flash points below 73 
°F, and boiling points below 
100°F. Materials may ignite 
spontaneously with air. 
Materials that are readily capable 
of explosive water reaction, 
detonation or explosive 
decomposition, polymerization, or 
self-reaction at normal temperature 
and pressure. 
3 Major injury likely 
unless prompt 
action is taken and 
medical treatment 
is given. 
Materials capable of 
ignition under almost all 
normal temperature 
conditions. Includes 
flammable liquids with flash 
points below 73°F and 
boiling points above 100°F, 
as well as liquids with flash 
points between 73°F and 
100 °F. 
Materials that may form explosive 
mixtures with water and are 
capable of detonation or explosive 
reaction in the presence of a strong 
initiating source. Materials may 
polymerize, decompose, self-react, 
or undergo other chemical change 
at normal temperature and pressure 
with moderate risk of explosion. 
  55 
Table 17  (continued) 
2 Temporary or 
minor injury may 
occur. 
Materials which must be 
moderately heated or 
exposed to high ambient 
temperatures before ignition 
will occur. Includes liquids 
having a flash point at or 
above 100°F but below 200 
°F. 
Materials that are unstable and 
may undergo violent chemical 
changes at normal temperature and 
pressure with low risk for 
explosion. Materials may react 
violently with water or form 
peroxides upon exposure to air. 
1 Irritation or minor 
reversible injury 
possible. 
Materials that must be 
preheated before ignition 
will occur. Includes liquids, 
solids and semi solids 
having a flash point above 
200°F. 
Materials that are normally stable 
but can become unstable (self-
react) at high temperatures and 
pressures. Materials may react 
non-violently with water or 
undergo hazardous polymerization 
in the absence of inhibitors. 
0 No significant risk 
to health. 
Materials that will not burn. Materials that are normally stable, 
even under fire conditions, and 
will not react with water, 
polymerize, decompose, condense, 
or self-react. Non-explosives. 
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The Montreal Protocol and Kyoto Protocol are globally recognized as efforts to control 
ozone depletion and global warming. In this study, Ozone Depletion Potential (ODP) was used to 
address the ozone depletion issue and Global Warming Potential (GWP) was used to address the 
global warming issue. ODP is defined by the United Nations Environmental Programme 
(UNEP)[110, 111] as the ratio of the impact on ozone of a chemical compared to the impact of a 
similar mass of CFC-11. Thus, the ODP of CFC-11 is designated as 1.0. GWP is defined by the 
Intergovernmental Panel on Climate Change (IPCC)[112] as an index describing the radiative 
characteristics of well-mixed greenhouse gases that represents the combined effect of the 
differing times these gases remain in the atmosphere and their relative effectiveness in absorbing 
outgoing infrared radiation. This index approximates the time-integrated warming effect of a unit 
mass of a given greenhouse gas in today’s atmosphere, relative to that of CO2. Therefore, the 
GWP of CO2 is defined as 1.0. The GWP values over 100-year time horizon are adopted in this 
study since they are used by United States for policy making and reporting.[102]  
The information about persistent and bioaccumulative chemicals can be found in the US 
EPA’s Persistent Bioaccumulative and Toxic (PBT) Chemical Program.[113] EPA has also 
developed an evaluation tool, the PBT Profiler,[114] to predict PBT potential of various chemicals. 
From the viewpoint of green chemistry, all the priority PBT chemicals listed by EPA should be 
prohibited when designing and developing a new synthetic process. Therefore, a weighting factor 
of 2 was assigned to its health, flammability and reactivity ratings if a persistent and 
bioaccumulative chemical appeared in a synthetic process. Since the health rating was directly 
related to human health, exponent 2 was assigned to its rating as weighting factor for a chemical 
used in a synthetic process. For ozone depletion potential (ODP) and global warming potential 
(GWP), an arithmetic calculation was used to bring them down to similar scale (0~4) as that for 
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the hazard ratings. The ODP values are in the range of 0~10s, exponent 0.6 was used to adjust 
their values. The GWP values are in the range of 0 ~several 10,000s, a weighting factor of 
general logarithm was assigned to those chemicals when their GWP values are greater that 10. 
For those chemicals with GWPs<10, a weighting factor of 1/10 was assigned to them (see Table 
18 for some examples in calculating the weighted values for the global warming index and ozone 
depletion index). By assigning different weighting factors, the weighted value for each impact 
factor is listed in Table 19. Thus, a greenness index for a chemical GIC can be calculated 
according to the definition given in Table 20.  
 
Table 18  Calculation of weighted values for the global warming index (GWI) and ozone 
depletion index (ODI) 
Global warming index (GWI) 
Substance CO2 N2O SF6 
Global warming potential (GWP) 1 310 22,000 
Weighted value =1/10=0.1 
(GWP≤10) 
=Log(310)=2.5 
(GWP>10) 
=Log(22000)=4.3 
(GWP>10) 
Ozone depletion index (ODI) 
Substance HCFC-251 Halon-1211 Halon-1301 
Ozone depletion potential (ODP) 0.001 3.0 10.0 
Weighted value =0.0010.6=0.16 =3.00.6=1.9 =10.00.6=4.0 
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Table 19  Weighted values for different impact factors in calculating GIC 
Item Chemical Data 
source 
Factor Value Weighted 
Value 
Health rating HR HR2 
Flammability 
rating 
FR FR 
Non-persistent and 
non-bioaccumulative 
chemicals  
HMIS 
Reactivity rating RR RR 
Health rating HR (2HR)2 
Flammability 
rating 
FR 2FR 
Hazard index 
(HI) 
Persistent and 
bioaccumulative 
chemicals  
HMIS 
Reactivity rating RR 2RR 
Ozone depletion 
index (ODI) 
Ozone depletion 
substances 
UNEP Ozone depletion 
potential 
ODP (ODP)0.6 
Global warming 
index (GWI) 
Greenhouse gases IPCC Global warming 
potential 
GWP 
10GWP if
10
GWP
≤
 
10GWP if
 Log(GWP)
>
 
 
 
Table 20  Calculation of greenness index for a chemical (GIC) 
Chemical GIC (greenness index for a chemical) 
Non-persistent & non-
bioaccumulative chemicals 
 
 
 
Persistent & bioaccumulative 
chemicals 
 
 
 
⎪⎩
⎪⎨
⎧
>++++
≤++++=
++=
10GWP if   Log(GWP)ODP)(RRFRHR
10GWP if   
10
GWPODP)(RRFRHR        
GWIODIHIGIC
0.62
0.62
⎪⎩
⎪⎨
⎧
>++++
≤++++=
++=
10GWP if   Log(GWP)(ODP)RR2FR2(2HR)
10GWP if   
10
GWP(ODP)RR2FR2(2HR)        
GWIODIHIGIC
0.62
0.62
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4.2 DEFINITIONS OF GIF, GIO, GIR AND GIP 
As being mentioned earlier, a proper green chemistry metric should consider both quantity and 
quality of a chemical. In this study, the greenness index for a chemical GIC was adopted to 
express the quality of a chemical, while the quantity of a chemical can be obtained according to 
the chemical reaction or the amounts of chemicals added in a chemical process. Here, four new 
concepts were defined to address different situations accordingly: greenness index for a chemical 
formula (GIF), greenness index for an oxidant (GIO), greenness index for a chemical reaction 
(GIR), and greenness index for a product (GIP).  
 
As shown in Table 21, a chemical formula usually contains certain amounts of various 
chemicals. The greenness index for this chemical formula GIF, is defined by equation (4- 5) in 
this study. 
 
Table 21  Calculation of greenness index for a chemical formula GIF 
Compound A B C D ··· 
Mass, g MA MB MC MD ··· 
GIC GICA GICB GICC GICD ··· 
 
...M M M M
...M GIC MGIC M GICM GIC  GIF
DCBA
DDCCBBAA
++++
++++=  4- 5
 
By using equation (4- 5), we can easily compare the greenness of two different chemical 
formulas. The smaller the GIF number, the greener a chemical formula will be.  
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One of the biggest issues associated with oxidation reactions is the use of many toxic 
oxidants. Therefore, “the key to the new green oxidation chemistry will be the use and 
generation of little or no hazardous substances.”[2] However, until now, there is no practical 
guideline to evaluate the greenness of an oxidant. In this study, the greenness index for an 
oxidant (GIO) was defined to address this issue. For a generic oxidant A, its decomposition can 
be expressed by equation (4- 6) during an oxidation reaction. The greenness index, GIO, for 
oxidant A is, therefore, defined by equation (4- 7) in this study.  
 
L+++=  2)product -(by C   1)product -(by B  [O] (oxidant)A  cba  4- 6
...MW  MW  MW 
...MWGIC  MW GIC MW GIC   GIO
CBA
CCBBAA
+++
+++=
cba
cba  4- 7
Where MW is molecular weight of a chemical. 
 
The comparison of GIO values for various oxidants is given in Table 22. It can be seen 
that the greenness of different oxidants could be easily evaluated according to their GIO values. 
For example, the GIO value of 30% H2O2 (6.5) was smaller than that of 50%~70% HNO3 (7.6), 
therefore, as an oxidant, 30% H2O2 is greener than 50%~70% HNO3 in the production of adipic 
acid. It is also concluded from Table 22 that due to their high GIO values, heavy metal oxides 
and salts are less green when compared with other commonly used oxidants.  
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Table 22  The greenness index GIO for various oxidants 
Oxidant Decomposition by-product GIO 
O2 H2O 1.9 
3% H2O2 H2O 0.7 
30%~50%  H2O2 H2O 6.5 
50%~70% HNO3 N2O and H2O (in the 
production of adipic acid) 
7.6 
t-BuOOH t-BuOH 7.7 
NaClO NaCl 5.5 
KHSO5 KHSO4 11.1 
CrO3 Cr2O3 9.0 
 
For a generic chemical reaction shown by equation (4- 8), the greenness index of this 
reaction, GIR, is defined by equation (4- 9) if the information about solvent and catalyst was not 
available. If the information was available, the GIR for this generic reaction was given by 
equation (4- 10). This calculated GIR considered both stoichiometric quantities of reactants, 
product, by-products, solvent and catalyst (if information was available) and their greenness 
index GIC values. We assume D was the desired product, then the greenness index for product 
D, GIP, was defined by equation (4- 11) based on the amounts of reactants, solvent and catalyst 
added, the amounts of product and by-product generated, and solvent and catalyst used in the 
reaction.  
 
D  C  B  A  dcba +→+  4- 8
  62 
BADC
BBAADDCC
MW  MW  MW  MW 
MW GIC  MWGIC  MW GIC MW GIC  GIR
badc
badc
+++
+++=  4- 9
CatSolBADC
CatCatSolSolBBAADDCC
MWMWMW  MW  MW  MW 
MWGICMWGICMW GIC  MWGIC  MW GIC MW GIC 
 GIR +++++
+++++=
badc
badc  
4- 10
CatSolD
CatCatSolSolBBAADDCC
MMM
M GICM GICM GICM GICM GICM GICGIP ++
+++++=  4- 11
 
Where MW is molecular weight and M is mass of a chemical. 
4.3 APPLICATION OF THE NEW GREEN CHEMISTRY METRIC 
Using the definitions described above to express the greenness index for a reaction GIR and 
greenness index for a desired product GIP, the greenness of different processes in the production 
of adipic acid was re-evaluated. The calculated results of GIC, GIR and GIP values are given in 
Table 23 and Table 24, respectively. It can be seen that the GIR values for the production of 
adipic acid using H2O2 as the oxidant were smaller than that using HNO3. This meant that H2O2 
was greener than HNO3 in the production of adipic acid. However, the calculated GIP values for 
the production of adipic acid using H2O2 were larger than that using HNO3 due to the lower 
adipic acid yields in using H2O2 (when CHANol was used as the starting material, adipic acid 
yield was only 87%, while for CHAO, the yield was 91%;[99] when HNO3 was used, the adipic 
acid yield was 94.2%[100, 101]). If the same yields were considered, the GIP value using H2O2 
would be smaller than that using HNO3. For example, at adipic acid yield of 94.2%, if CHANol 
was used as the starting material, the GIP using H2O2 would be 15.03, while using HNO3, it was 
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15.20. This suggests that even if a new synthetic method is greener than the previous one 
according to the chemical reaction itself, the yield of desired product from this new method 
should reach a certain value in order to ensure the greenness of this new process. However, even 
at adipic acid yield of 94.2%, the application of RME still showed that HNO3 was greener than 
H2O2.  
 
 
Table 23  Calculation of GIC for the production of adipic acid with different oxidants 
Substrate HR FR RR ODP GWP GIC MW 
CHANol 2 2 0 0 0 6 100.2 
CHAO 2 2 0 0 0 6 98.2 
Cyclohexene 1 3 0 0 0 4 82.2 
HNO3, 50~70% 3 0 0 0 0 9 63.0 
H2O2, 30% 3 0 1 0 0 10 34.0 
Adipic acid 2 0 0 0 0 4 146.1 
N2O 2 0 0 0 310 6.5 44 
H2O 0 0 0 0 0 0 18 
H2WO4 2 0 0 0 0 4 249.9 
Cu granular 0 3 1 0 0 4 63.5 
NH4VO3 4 0 0 0 0 16 117 
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Table 24  Calculation of GIR and GIP for the production of adipic acid with different oxidants 
Substrate CHANol CHAO ol/one mixture 
(1:1 in wt) 
Oxidant 50~70%HNO3 30% H2O2 50~70%HNO3 30% H2O2 50~70%HNO3
GIR 5.76 5.39 5.81 5.48  
GIP 15.20 16.25  12.77 12.47 
 
Two more examples were given below to demonstrate the use of this new green 
chemistry metric: the first one is an inorganic reaction and the second one is an organic reaction. 
 
Example I: Production of precipitated barium sulfate 
Precipitated barium sulfate (BaSO4, also called blanc fixe) is an important barium salt. It is 
mainly used as a filler and extender, in some fields also as a white pigment. It is manufactured by 
adding dilute sulfuric acid or sodium sulfate to a solution of barium sulfide.[115] The chemical 
reactions of these two methods can be expressed by the following two equations:  
 
SH BaSOSOH BaS 2442 +→+  4- 12
SNa BaSOSONa BaS 2442 +→+  4- 13
 
The comparison of greenness of these two methods obtained by Type I metrics and the 
new metric developed in this study is given in Table 25. Table 26 lists the calculated GIC 
values, which were used to calculate GIR and GIP (assume reactants were in stoichiometric 
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amounts). From Table 25, we can draw the following conclusions: The results of E-factor, AE 
and RME showed that using H2SO4 was greener than using Na2SO4, while the results of GIR and 
GIP in this study suggested that using Na2SO4 was greener than using H2SO4. In industrial 
practice, when H2SO4 is used as a starting material, a base (e.g., sodium hydroxide) has to be 
used to neutralize generated by-product H2S. This is because H2S is a highly toxic chemical; its 
direct release to the environment is prohibited. Thus, it is obvious that using Na2SO4 is greener 
that using H2SO4, which agreed with the conclusion drawn according to the new green chemistry 
metric developed in this study.  
 
Table 25  Comparison of greenness in producing BaSO4 obtained by different metrics 
Method E-factor AE, % RME, % GIR GIP 
H2SO4 0.15 87.3 87.3 4.7 9.7 
Na2SO4 0.33 74.9 74.9 2.7 6.1 
 
 
Table 26  Calculation of GIC for the production of BaSO4 by different methods 
Chemical HR FR RR ODP GWP GIC MW 
BaS 1 0 2 0 0 3 169.4 
H2SO4 3 0 2 0 0 11 98.1 
Na2SO4 0 0 1 0 0 1 142.0 
BaSO4 1 0 0 0 0 1 233.4 
H2S 4 4 0 0 0 20 34.1 
Na2S 3 0 1 0 0 10 78.0 
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Example II: Production of toluenediisocyanate (TDI) 
Toluenediisocyanate (TDI) is a major raw material in the production of polyurethane; it is 
industrially produced by a phosgene-based route. In this method, phosgene is reacted with 
toluenediamine to generate TDI and hydrochloride as a by-product [see equation (4- 14)]. This 
process is not environmentally benign due to the use of extremely toxic phosgene as a reactant 
and the generation of corrosive hydrochloride as a by-product. Many researchers are trying to 
develop new technologies to replace this phosgene process. Some of the potential processes are 
DMC method using dimethyl carbonate to react with toluenediamine[116] and CO method using 
carbon monoxide to react with toluenediamine.[117, 118] Their chemical principles are shown by 
equations (4- 15) and (4- 16), respectively. However, the application of E-factor, AE and RME 
(assume reactants are in stoichiometric amounts) showed that the greenness of these methods in 
the synthesis of TDI was in the following order: DMC method>Phosgene method>CO method 
(see Table 27 for details). While the results from our newly developed metric GIR and GIP 
(assuming reactants were in stoichiometric amounts) disclosed that the greenness of these three 
methods was in the following order: CO method >DMC method>Phosgene method. In practice, 
whenever it is possible, phosgene should be avoided due to its extreme toxicity.  
 
+   2 COCl2
CH3
NCO
NCO
CH3
NH2
NH2
+   4 HCl
 
 
4- 14
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CH3
NCO
NCO
CH3
NH2
NH2
+   4 CH3OH+   2 CH3OCOCH3
O
 
 
4- 15
+   6 CO
CH3
NCO
NCO
CH3
NH2
NH2
+   4 CO2
 
 
4- 16
 
 
 
 
 
Table 27  Comparison of greenness in the production of TDI with different methods 
Method E-factor AE, % RME, % GIR GIP 
Phosgene 0.84 54.4 54.4 13.5 39.7 
DMC 0.74 57.6 57.6 11.2 28.8 
CO 1.01 49.7 49.7 4.8 9.1 
 
4.4 SUMMARY 
In this study, we classified current green chemistry metrics into two types: Type I is represented 
by E-factor, atom economy (AE) and reaction mass efficiency (RME). These widely used 
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metrics consider only quantity of involved chemicals. The ignorance of quality of involved 
chemicals could result in false conclusion as demonstrated by the production of adipic acid with 
both HNO3 and H2O2 as the oxidant. Type II is represented by US EPA’s TRACI (Tool for the 
Reduction and Assessment of Chemical and Other Environmental Impact) and BASF’s eco-
efficiency. However, they are too complicated to be used as a daily tool to evaluate the greenness 
of a synthetic method. Furthermore, they fail to address the reactivity (physical hazard) and 
flammability of a chemical—two important factors in designing and developing a chemical 
process.  
Based on above analysis, a new green chemistry metric was developed in this study. This 
new metric not only considered both quantity and quality (hazards to both human health and the 
environment) of chemicals, but also easy to use. Greenness index for a chemical (GIC) was 
assigned to a chemical with the consideration of the following impact factors: persistence and 
bioaccumulation, hazards (including health, flammability, reactivity or physical hazard), ozone 
depletion and global warming. By considering the amounts of reactants, solvent and catalyst, 
desired product and by-product and their GIC values, greenness index for a chemical formula 
(GIF), for an oxidant (GIO), for a reaction (GIR), and for a product (GIP) were defined 
accordingly and used to evaluate the greenness of a chemical formula, an oxidant, a chemical 
reaction, and a desired product.  
This new green chemistry metric was used as a guideline in this study for search of 
greener technologies in the synthesis of H2O2, oxidation of propylene to propylene oxide and 
cyclohexene to adipic acid etc. 
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In a recently published editorial “It’s not easy being green” on Chemical & Engineering 
News (August 6, 2007), Acker[119] pointed out that “What is green? This important discussion is 
just beginning, and I predict it will be an issue for some time. I believe that at some point in the 
future, a consumer will pick up a product and be provided with an easy-to-understand way to 
determine the relative greenness of that product…” The new green metric developed in this 
study could be considered as an attempt toward this future goal.    
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5.0  DIRECT SYNTHESIS OF H2O2 FROM O2 AND H2 IN CO2  
The new green chemistry metric developed in this study was used to evaluate the greenness of 
different methods for the synthesis of H2O2: (1) the AO process using EAQ as the working 
carrier and a mixture of trimethylbenzene and TOP as the solvent; (2) direct synthesis using a 
mixture of methanol and water as the solvent; (3) direct synthesis using compressed CO2 as the 
solvent. The greenness index GIR values for these reactions are given in Table 28 and the GIC 
values for the chemicals involved in these reactions are listed in Table 29. It is clear that using 
compressed CO2 as the solvent had the lowest GIR value meaning that it was greener than other 
processes. Since methanol is a toxic, flammable and volatile chemical, using it as the solvent 
could considerably compromise the greenness of direct synthesis of H2O2 from O2 and H2. 
 
Table 28  Greenness index for the reactions in the synthesis of H2O2 
Method for the synthesis of H2O2 GIR  
H2   +   O2
Trimethylbenzene/TOP
EAQ
H2O2
 
2.0 5- 1
H2   +   O2 H2O2
MeOH/water
 
3.1 5- 2
H2   +   O2 H2O2
CO2
 1.7 5- 3  
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Table 29 The GIC values for the chemicals used in the synthesis of H2O2 
Chemical HR FR RR ODP GWP GIC MW 
H2 0 4 3 0 0 7 2 
O2 0 0 3 0 0 3 32 
3% H2O2 0 0 1 0 0 1 34 
Trimethylbenzene 2 2 0 0 0 6 120.2 
TOP 1 1 0 0 0 2 434.7 
EAQ 0 0 0 0 0 0 236.3 
Methanol 2 3 0 0 0 7 32 
CO2 1 0 0 0 0.1 1.1 44 
 
5.1 EXPERIMENTAL 
5.1.1 Chemicals and Catalysts 
The purities of O2, H2 and CO2 (from Penn Oxygen, Jeannette, PA) used in this study were all 
above 99.9%. Pyridine (99+%, Aldrich), pyridine N-oxide (95%, Aldrich), H2O2 (30%, J. T. 
Baker), methanol (99.9%, Fisher), [Pd(NH3)4](NO3)2 [10%(wt) solution in water, Aldrich], 
Pt(NH3)4Cl2·H2O (98%, Aldrich) and Mineral oil for IR spectroscopy  (Aldrich) were all used as 
received without further purification.  
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TS-1 and 0.35%Pd/TS-1 were received as a gift from Lyondell Chemical Company. The 
methods for preparing 0.2%Pd/TS-1, (0.2%Pd+0.02%Pt)/TS-1, (0.35%Pd+0.035%Pt)/TS-1, 
0.6%Pd/TS-1, (0.6%Pd+0.06%Pt)/TS-1, 1.0%Pd/TS-1 and (1.0%Pd+0.1%Pt)/TS-1 catalysts 
were similar to that given by Hancu et al.[120] A typical procedure is described below with the 
preparation of (1.0%Pd+0.1%Pt)/TS-1 as an example: 3.0g of TS-1 and 12ml of deionized water 
were added to a glass flask and then heated to 80°C under continuous stirring. To this solution, 
0.82ml of 10% (wt) [Pd(NH3)4](NO3)2 solution and 0.26ml of 2% (wt) Pt(NH3)4Cl2 solution 
were added. This mixture was stirred for 24 hours and then cooled to room temperature. The 
solid was recovered by filtering and then washing 3 times with deionized water and then dried at 
80°C overnight. It was then calcined in air at 150°C for 4 hours and reduced by H2 at room 
temperature for 4 hours. The yield of as-synthesized (1.0%Pd+0.1%Pt)/TS-1 catalyst was 2.94g. 
5.1.2 General procedures for direct synthesis of H2O2 in CO2 
The experimental setup is shown in Figure 8. Direct synthesis of H2O2 from O2 and H2 in 
compressed CO2 was conducted in a 30ml stainless steel reactor A manufactured at the 
University of Pittsburgh. A cylindrical glass liner was used to prevent the decomposition of H2O2 
by the metal wall. The net volume of reactor was therefore reduced to 25ml. Initially, the reactor 
and the glass liner were both passivated with 35% HNO3 for 4 hours and 30% H2O2 for 10 hours; 
after each experiment, they were also passivated by 30% H2O2 for 4 hours. In a typical 
experiment, 0.5ml of “indicator” compound—pyridine, 0.5ml water and catalyst were loaded to 
the reactor A. A magnetic stirring bar B was placed inside the reactor in order to keep the 
reactants well-mixed. The reactor was first charged with a known amount of O2/CO2, followed 
by CO2, and then a known amount of H2. The reaction pressure was finally adjusted to 125bar by 
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adding more CO2. The reaction temperature was controlled at 60°C by stirrer/ hotplate D. The 
direct synthesis of H2O2 was allowed to run for 5 hours, and the amount of un-reacted H2 in the 
reactor was analyzed by using an online HP 5890A gas chromatograph (GC) equipped with a 
TCD detector and a HayeSep D packed column (20ft×1/8”) and controlled by a HP 
ChemStation. The reactor was then ice-cooled to 0~5°C and the gas mixture inside the reactor 
was vented into a known amount of methanol. This methanol solution was used to extract 
pyridine N-oxide and un-reacted pyridine from the reactor and analyzed by another 5890A GC 
equipped with a FID detector and a DB-1 capillary column (30m×0.253mm×0.50μm) to 
determine the quantities of pyridine N-oxide and pyridine (indicator). A proportional relief valve 
was installed for safety.  
TI
PI
PI
CO2 H2 O2/CO2
A
A. High pressure reactor,  B. Stirring bar,  C. Vessel,  D. Stirrer/hotplate,  E. Three-way 
valves, F. Proportional relief valve,  G. Two-way valves, H. Venting vessel, 
J. Glass vessel, K. Online gas chromatograph
B
C
D
E
E
F
G
G G
G
GH
J
K
 
Figure 8  Experimental setup for the direct synthesis of H2O2 in CO2 
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H2 conversion, H2O2 selectivity and H2O2 yield were defined by the following equations, 
respectively. 
 
100
(mmol)reactor   the toadded H ofamount  the
(mmol)reaction  during consumed H ofamount  the(%) conversion H
2
2
2 ×=  5- 4
100
(mmol)reaction  during consumed H ofamount  the
(mmol) OH generated  ofamount  the(%)y selectivit OH
2
22
22 ×= in situ  5- 5
100
(mmol)reactor   the toadded H ofamount  the
(mmol) OH generated  ofamount  the(%) yield OH
2
22
22 ×= in situ  5- 6
 
The experiments for obtaining calibration curve were similar to the direct synthesis of 
H2O2 except that the reactants were 0.5ml of “indicator” compound—pyridine, a known amount 
of 30% H2O2, 0.05g TS-1. If the total volume of reactants was less than 1.0ml, water was added 
to bring the total volume to 1.0 ml. The reaction pressure was adjusted to 125bar by using only 
compressed CO2. The yield of pyridine N-oxide was analyzed using the GC.  
 
5.1.3 General procedures for the decomposition of H2O2  
The experiments used to investigate the decomposition of H2O2 were conducted at ambient 
pressure in a 50ml glass flask. The flask was placed in an oil bath in order to keep temperature at 
60ºC during experiment. 0.1g of catalyst and 12.4mmol of “indicator” compound (pyridine) were 
placed into this flask. 12.4mmol of 30%H2O2 was then added to above mixture and the reactor 
was stirred for 5 hours. During the decomposition experiment, the flask was connected to a 
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condenser to prevent the reactants from evaporating. After reaction, methanol was used to extract 
product and reactant. This methanol solution was analyzed by 5890A GC to determine the yield 
of pyridine N-oxide. 
5.2 CATALYST CHARACTERIZATION 
In order to examine the effect of impregnating precious metals Pd (and Pt) on TS-1, Fourier 
Transform Infrared Spectroscopy (FT-IR) and Powder X-ray Diffraction (XRD) techniques were 
used to identify the changes of functional groups of TS-1 and the crystallinity of TS-1 before and 
after the impregnation in this study. 
5.2.1 FT-IR spectra 
FT-IR spectra of TS-1, precious metal loaded TS-1 were recorded on a Genesis II FT-IR 
Spectrometer (Mattson Instruments, Wisconsin, USA) using a Nujol Mull technique. Compared 
with using a KBr wafer technique, the Nujol Mull technique is a rapid, inexpensive way to get an 
FT-IR spectrum of solid sample.[121] Nujol is a commercially available mineral oil (saturated 
hydrocarbon) having medium molecular weights (higher than kerosene and lower than paraffin). 
Since its IR spectrum has no overlap with the fingerprint wavenumbers of TS-1, it is possible to 
use the Nujol Mull technique to examine TS-1 and precious metal loaded TS-1. To make a Nujol 
mull, one first places a small amount of solid sample in an agate mortar and pre-grinds it to a fine 
powder, then several drops of mineral oil are added and mixed thoroughly by grinding with a 
pestle. Thus, a Nujol Mull is a suspension of a fine solid powder in mineral oil. To measure its 
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IR, a few drops of this suspension are placed between two sodium chloride plates and then the 
plates are inserted into the instrument sample holder for scanning. 
The catalytic activity of TS-1 is due to the incorporation of Ti atoms into the framework 
of silicalite, which is characterized by a band at 960 cm-1 on its FT-IR spectrum (this band is 
assigned to asymmetric Ti-O-Si stretch in the literature). The comparisons of FT-IR spectra of 
TS-1, 0.2%Pd/TS-1 and (0.2%Pd+0.02%Pt)/TS-1, 0.35%Pd/TS-1 and (0.35%Pd+0.035%Pt)/TS-
1, 0.6%Pd/TS-1 and (0.6%Pd+0.06%Pt)/TS-1, and 1.0%Pd/TS-1 and (1.0%Pd+0.1%Pt)/TS-1 
are shown in Figure 9 to Figure 12. It can be seen that there was no change in all fingerprint 
bands in TS-1 before and after the impregnation of precious metals. This meant that the effect of 
impregnating Pd (and Pt) on the functional groups of TS-1 was negligible.  
 
 
Figure 9  FT-IR spectra of TS-1, 0.2%Pd/TS-1 and (0.2%Pd+0.02%Pt)/TS-1 
960cm-1 
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Figure 10  FT-IR spectra of TS-1, 0.35%Pd/TS-1 and (0.35%Pd+0.035%Pt)/TS-1 
 
Figure 11  FT-IR spectra of TS-1, 0.6%Pd/TS-1 and (0.6%Pd+0.06%Pt)/TS-1 
960cm-1 
960cm-1 
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Figure 12  FT-IR spectra of TS-1, 1.0%Pd/TS-1 and (1.0%Pd+0.1%Pt)/TS-1 
5.2.2 Powder X-ray diffraction (XRD) spectra 
The three-dimensional structure of non-amorphous materials, like TS-1, is defined by regular, 
repeating planes of atoms that form a crystal lattice. When a focused X-ray beam interacts with 
these planes of atoms, parts of the beam is diffracted. This diffraction of an X-ray beam by a 
crystalline solid depends on what atoms make up the crystal lattice and how these atoms are 
arranged. Powder X-Ray Diffraction (XRD) is one of the most widely used techniques to 
characterize the structural properties of crystalline solids.  
The X-ray diffraction patterns of TS-1 and precious metal loaded TS-1 were recorded on 
a Philips X’Pert PW3710 X-ray diffractometer using a Cu-Kα radiation source (λ=1.54056Å). 
960cm-1 
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Bragg angles (2θ) between 5º and 50º were scanned with a step size of 0.02º. Figure 13 shows 
the XRD spectra of TS-1, 0.2%Pd/TS-1, (0.2%Pd+0.02%Pt)/TS-1, 0.35%Pd/TS-1 and 
(0.35%Pd+0.035%Pt)/TS-1 and Figure 14 shows the XRD spectra of 0.6%Pd/TS-1, 
(0.6%Pd+0.06%Pt)/TS-1, 1.0%Pd/TS-1 and (1.0%Pd+0.1%Pt)/TS-1. All the spectra obtained in 
this study showed the “fingerprint” peaks of a TS-1 molecular sieve given by Taramasso et al.[13]  
The same patterns of TS-1 and precious metal loaded TS-1 indicated that the MFI crystal 
structure of TS-1 had no change before and after the impregnation.  
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Figure 13  Powder XRD spectra of TS-1, 0.2%Pd/TS-1, (0.2%Pd+0.02%Pt)/TS-1, 0.35%Pd/TS-
1 and (0.35%Pd+0.035%Pt)/TS-1 
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Figure 14  Powder XRD spectra of TS-1, 0.6%Pd/TS-1, (0.6%Pd+0.06%Pt)/TS-1, 1.0%Pd/TS-1 
and (1.0%Pd+0.1%Pt)/TS-1 
 
The obtained XRD spectra can also be used to compare the change of crystallinity of TS-
1 before and after impregnation according to equation (5- 7).[122] The crystallinities of the 
samples were calculated based on the intensity of the five strong reflections (2θ=7.99º, 8.91º, 
23.21º, 24.01º, 24.47º)[13, 123] and two other fingerprint peaks (2θ=29.33º, 30.07º).[13]  The 
crystallinity of TS-1 was assumed to be 100. The calculated relative crystallinities of precious 
metal loaded TS-1 used in this study are listed in Table 30.  As can be seen that the changes of 
  81 
crystallinities of TS-1 before and after impregnation of precious metal Pd (and Pt) were within 
5%, implying that the effect of impregnation process adopted in this study on the crystallinity of 
TS-1 was minor. By contrast, the impregnation method used by Wang et al[124] could result in the 
occurrence of crystal defects during the impregnation of precious metal Pd (and Pt ) since 
considerable decrease in peak intensities was observed before and after the impregnation.  
 
100
1-TS of heightspeak  of Sum
1-TS loaded metal precious of heightspeak  of Sum% Cryst., ×=  5- 7
 
 
Table 30  Relative crystallinities of TS-1 before and after impregnation of precious metal 
Entry Catalyst Crystallinity, % 
1 TS-1 100 
2 0.2%Pd/TS-1 97 
3 (0.2%Pd+0.02%Pt)/TS-1 95 
4 0.35%Pd/TS-1 105 
5 (0.35%Pd+0.035%Pt)/TS-1 102 
6 0.6%Pd/TS-1 105 
7 (0.6%Pd+0.06%Pt)/TS-1 95 
8 1.0%Pd/TS-1 104 
9 (1.0%Pd+0.1%Pt)/TS-1 103 
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From the analysis of FT-IR and XRD, we conclude that the effect of impregnating 
precious metal Pd (and Pt) on the structure and crystalline of TS-1 was negligible. This ensured 
the catalytic characteristics of TS-1 after the impregnation of precious metal.   
5.3 SELECTION OF AN “INDICATOR” COMPOUND 
In this study, an “indicator” compound was used to measure the amount of in situ generated 
H2O2 in compressed CO2 without the need to titrate samples. This “indicator” had to meet the 
following criteria: (1) It should be easily oxidized by H2O2 under mild reaction conditions with 
TS-1 as the catalyst. One problem associated with using H2O2 as a selective oxidant in carrying 
out green oxidation is the presence of water in H2O2 solution, since water usually can cause the 
deactivation of many catalysts, especially those used in organic oxidations. The discovery of TS-
1 removed this obstacle because the hydrophobic nature of TS-1’s micropores favors the 
diffusion of organic substrates to the active site and protects the active site from deactivation by 
water.[9] This makes TS-1 one of the most studied catalysts in carrying out green oxidation 
reactions with H2O2. Therefore, proving that precious metal loaded TS-1 is an effective catalyst 
in direct synthesis of H2O2 has special meaning in future applications. (2) The indicator should 
not be oxidized by oxygen alone or hydrogenated; this is obvious since the mixture of O2 and H2 
is used for direct synthesis of H2O2. (3) The selectivity to its oxide should be high at reasonable 
H2O2 concentration, because the formation of more than one product will make the measurement 
complicated. (4) The “indicator” should be converted to its oxide proportional to the amount of 
H2O2 added. (5) The “indicator” and its oxide should be both soluble in CO2. This proposed 
“indicator” compound can be selected from a list of various alcohols, tertiary amines and 
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sulfides.[9] Ultimately, pyridine was selected as the “indicator” according to above mentioned 
criteria.  
The chemical reactions involved in the direct synthesis of H2O2 from O2 and H2 and its 
determination by using pyridine as the “indicator” are given in Figure 15. The standard Gibbs 
free energy changes (∆G0) for these reactions are listed in Table 31. The thermodynamic data for 
H2, O2, H2O2, water and pyridine were all from Dean.[125] Since the Gibbs free energy of 
formation for pyridine N-oxide could not be found in literature, equations (5- 13) to (5- 15) were 
used to calculate the Gibbs free energy change for chemical reaction (5- 8). The enthalpy of 
formation and the entropy of pyridine N-oxide under standard state were from Shaofeng and 
Pilcher[126] and Varsanyi et al,[127] respectively. We conclude that, thermodynamically, all these 
reactions are completely shifted to the right and the reverse reactions under normal reaction 
conditions are negligible. In order to effectively generate H2O2, the reactions for the formation of 
water, the hydrogenation and decomposition of synthesized H2O2 should be suppressed by using 
a selective catalyst and experimental conditions. Experimentally, Prasad et al.[128] proved that the 
oxidation of pyridine by aqueous H2O2 was fast over TS-1. Therefore, it is reliable to choose 
pyridine as the “indicator” to determinate the amount of in situ generated H2O2 in compressed 
CO2 in this study. 
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Figure 15  Reactions involved in the direct synthesis of H2O2 and its determination 
 
Table 31  The standard Gibbs free energy changes for the reactions in direct synthesis of H2O2 
Chemical reaction ∆G0, kJ/mol  
C5H5N (l)  +  H2O2 (l) C5H5NO (s) + H2O (l) -213.6 5- 8
H2 (g)  +  O2 (g) H2O2 (l) -120.4 5- 9
H2 (g)  +  0.5 O2 (g) H2O (l) -237.4 5- 10
H2O2 (l)  +  H2 (g) 2  H2O (l)  -353.8 5- 11
H2O2 (l) H2O (l)  +  0.5 O2 (g) -116.7 5- 12
 
000 STHG Δ−Δ=Δ  5- 13
reactants1
0
products1
00 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ−⎟⎠
⎞⎜⎝
⎛ Δ=Δ ∑∑
==
n
j
f
m
i
f HHH  
5- 14
reactants1
0
products1
00 ⎟⎟⎠
⎞
⎜⎜⎝
⎛−⎟⎠
⎞⎜⎝
⎛=Δ ∑∑
==
n
j
m
i
SSS  
5- 15
 
 
  85 
Table 32  Thermodynamic data of chemicals used in reaction (5- 8) 
Compound Pyridine (l) H2O2 (l) Pyridine N-oxide (s) H2O (l) 
∆Hf0, kJ/mol 100.2 -187.78 8.6[126] -285.3 
S0, J/(mol K) 177.9 109.6 299.78[127] 69.95 
 
In this study, the direct synthesis of H2O2 was carried out for 5 hours at 60ºC in 
compressed CO2 with pyridine as the “indicator”. Gas chromatographic (GC) analysis during 
control experiments using aqueous H2O2 under these conditions showed only two peaks: one for 
pyridine N-oxide, and another for un-reacted pyridine (indicator). Further control experiments 
also showed that pyridine was not oxidized by O2 alone over TS-1 or Pd/TS-1, or by the mixture 
of O2 and H2 with or without TS-1 as the catalyst.    
5.4 RESULTS AND DISCUSSION FOR THE DIRECT OF SYNTHESIS OF H2O2 IN 
CO2  
The direct synthesis of H2O2 was conducted using a mixture of O2 and H2 as the starting 
reactants over precious metal loaded TS-1 with pyridine as the “indicator” in compressed CO2. 
The amounts of in situ generated H2O2 from O2 and H2 could be calculated according to the 
obtained pyridine N-oxide yields by applying the stoichiometric relationship between the in situ 
generated H2O2 and pyridine N-oxide shown in Figure 15. Here, precious metal loaded TS-1 is a 
bifunctional catalyst: the precious metal functioned as the catalyst for direct synthesis of H2O2 
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from O2 and H2, while TS-1 functioned as the catalyst for the oxidation of pyridine by in situ 
generated H2O2.  
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Figure 16  Effect of stirring speed on the direct synthesis of H2O2 in CO2 
Experimental conditions: H2=6.2mmol, O2/H2=1, indicator=6.2mmol, water=27.8mmol, 
0.35%Pd/TS-1=0.05g; P=125bar, T=60ºC, reaction time=5 hours 
 
For a heterogeneous catalytic reaction system under batch operation, external mass 
transfer resistance exists. Increasing stirring speed could reduce this resistance. In this study, the 
effect of stirring speed on the direct synthesis of H2O2 from O2 and H2 in CO2 was examined and 
the results are presented in Figure 16. It is clear that stirring speed (expressed by the percentage 
of stirring power for stirrer/hotplate) had considerable influence on the H2 conversion, H2O2 
selectivity and yield: They were all increased along with the increase of stirring power until it 
reached 65% implying that the external mass transfer resistance for O2 and H2 decreased with an 
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increase in stirring speed. Further increase in stirring power had almost no effect on H2 
conversion, H2O2 selectivity and yield meaning that the external mass transfer resistance for the 
direct synthesis was completely eliminated when the stirring power reached 65%. Therefore, the 
stirring power for stirrer/hotplate in this study was kept at 70% (above the critical value) in the 
rest of this study.   
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Figure 17  Effect of O2/H2 molar ratio on the direct synthesis of H2O2 in CO2 
Experimental conditions: H2=6.2mmol, indicator=6.2mmol, water=27.8mmol, 0.35%Pd/TS-
1=0.05g; P=125bar, T=60ºC, reaction time=5 hours 
 
The O2/H2 molar ratio should have a significant effect on the direct synthesis of H2O2, 
although literature results in conventional solvents showed differing conclusions. Chinta and 
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Lunsford[50] concluded that the selectivity for H2O2 decreased with the increase of the O2/H2 
molar ratio, and Hwang et al[43] found that a feed ratio of O2:H2=1:1 led to the optimal H2O2 
production. By contrast, Dalton and Skinner[38] stated that in order to improve the direct 
synthesis of H2O2 from O2 and H2 in an acidic medium containing an oxygenated or nitrogenous 
organic compound, the O2/H2 molar ratio should be higher than 3.4. Here we also examined the 
effect of O2/H2 molar ratio on the direct synthesis of H2O2 in CO2 and the results are given in 
Figure 17. It reveals that H2 conversion, H2O2 selectivity and H2O2 yield (see their definitions in 
Section 5.1.2) all decreased with an increase of O2/H2 molar ratio. The optimal H2 conversion, 
H2O2 selectivity and H2O2 yield were obtained at an O2/H2 molar ratio of 1. Although the reason 
behind this phenomenon is not clear, the results in this study coincide with those of Chinta and 
Lunsford[50] and Hwang et al.[43] In the rest of this study, the O2/H2 molar ratio was kept at 1 in 
order to maximize the formation of H2O2 in CO2.  
The effect of H2 concentration on direct synthesis of H2O2 has not been well explored in 
the literature. The results shown in Figure 18 disclose the effect of H2 concentration (defined as 
the amount of H2 added to the reactor over the net volume of the reactor, mM) on H2 conversion, 
H2O2 selectivity and H2O2 yield at constant O2/H2 ratio. It is concluded that with the increase of 
H2 concentration in the reactor, H2 conversion, H2O2 selectivity and H2O2 yield all increased 
until H2 concentration reached 500 mM. When H2 concentration was increased from 250 mM to 
500 mM, H2 conversion only increased about 20% (from 52.5% to 62.6%), while H2O2 
selectivity almost doubled (from 22.4% to 39.3%). This in turn resulted in the increase of H2O2 
yield from 11.8% to 24.6%. Figure 18 also showed that when H2 concentration was below 
500mM, the relationship between H2O2 yield and H2 concentration was linear implying that the 
reaction rate for the direct synthesis of H2O2 from O2 and H2 in CO2 was first order with respect 
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to H2 concentration. Further increase to H2 concentration led to a decrease in H2O2 selectivity at 
similar H2 conversions. The possible reason is that, at higher H2 concentration, the existence of 
significant amounts of H2 favored the hydrogenation of H2O2 in the presence of the Pd/TS-1 
catalyst. Therefore, part of the in situ generated H2O2 was hydrogenated before it can react with 
the “indicator”.  
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Figure 18  Effect of H2 concentration on the direct synthesis of H2O2 in CO2 
Experimental conditions: O2/H2=1, indicator=6.2mmol, water=27.8mmol, 0.35%Pd/TS-1=0.05g; 
P=125bar, T=60ºC, reaction time=5 hours 
 
The influence of catalyst mass on the formation of H2O2 is given in Figure 19. H2 
conversion increased with the increase of catalyst mass, especially at the lower catalyst mass 
ranges, while H2O2 selectivity initially increased with the increase of catalyst mass and then 
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steadily decreased. The combination of these effects resulted in an initial increase and then a 
plateau in H2O2 yield. This could be attributed to the occurrence of the hydrogenation of in situ 
generated H2O2 at higher catalyst concentration, which, in turn, led to the increase in H2 
conversion, the decrease in H2O2 selectivity and almost no change in H2O2 yield. When 
conducting direct synthesis of H2O2 using a palladium catalyst in an aqueous medium, Izumi et 
al[129] also observed a similar phenomenon: the formation of H2O2 increased initially with the 
increase of catalyst concentration and then reached a plateau along with the further increase in 
the catalyst concentration.   
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Figure 19  Effect of catalyst mass on the direct synthesis of H2O2 in CO2 
Experimental conditions: H2=12.4mmol, O2/H2=1, indicator=6.2mmol, water= 27.8mmol, 
0.35%Pd/TS-1; P=125bar, T=60ºC, reaction time=5 hours 
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A survey of the literature showed that high palladium (≥1% Pd) contents were preferred 
by many researchers[18, 41, 48, 54, 57] in carrying out direct synthesis of H2O2 from O2 and H2. Few 
investigators[43] examined the direct synthesis by using lower Pd content catalysts (≤1%Pd). 
From an economic viewpoint, for a similar H2O2 yield, the lower the Pd content in the catalyst, 
the more competitive the catalyst will be. In this study, a series of catalysts with Pd contents 
ranging from 0.2%~1.0% were used to conduct direct synthesis of H2O2 in CO2 and the results 
are given in Figure 20. With the increase of Pd content in the catalyst, H2 conversion increased 
while H2O2 selectivity decreased steadily. The combination of these changes led to almost no 
change in H2O2 yield until the Pd content reached 0.6%. Further increasing Pd content in the 
catalyst resulted in a decrease in H2O2 yield. In order to explore the reason behind this 
phenomenon, H2O2 decomposition experiments were conducted using catalysts with different Pd 
contents; the results are shown in Figure 21. We should point out that higher pyridine N-oxide 
yields in Figure 21 mean that less H2O2 was decomposed by the catalyst. By comparing with 
TS-1 alone, we found that Pd on TS-1 can cause significant decomposition of H2O2. The 
amounts of H2O2 decomposed by Pd/TS-1 increased with the increase in Pd contents in the 
catalysts. 1.0%Pd/TS-1 could decompose about 50% of H2O2 under the given experimental 
conditions. Therefore, the decrease in H2O2 yield when using the higher Pd loaded catalyst was 
likely because the higher Pd loaded catalyst could cause the partial decomposition of in situ 
generated H2O2 before it could react with the “indicator”. Finally, the lower selectivities 
observed upon raising Pd content could be due to hydrogenation of H2O2 as well. 
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Figure 20  Effect of Pd content on the direct synthesis of H2O2 in CO2 
Experimental conditions: H2=12.4mmol, O2/H2=1, indicator=6.2mmol, water=27.8mmol, Pd/TS-
1= 0.05g; P=125bar, T=60ºC, reaction time=5 hours 
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Figure 21  Experimental results for the decomposition of H2O2 by different catalysts 
Experimental conditions: H2O2/indicator=1, indicator =12.4 mmol, catalyst=0.1g; P=1bar, 
T=60ºC, reaction time=5 hours. 
 
Platinum (Pt) has the ability to promote the direct synthesis of H2O2 from O2 and H2 over 
Pd catalysts, the optimal amount of Pt is typically about one tenth that of Pd.[39, 41, 130] In this 
study, the influence of adding Pt (Pt/Pd=0.1 by weight) to Pd/TS-1 catalysts was investigated, 
the results given in Figure 22 supported the previous literature conclusions. It can be seen from 
Figure 22 that the addition of Pt to the Pd/TS-1 catalyst had significant influence on direct 
synthesis of H2O2 in compressed CO2, especially when Pd content was less than 0.6%. This 
influence was mainly on H2O2 selectivity, while for H2 conversion, it was minor. The 
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combination of these effects led to an increase in H2O2 yield. For example, adding 0.02%Pt to 
0.2%Pd/TS-1 could increase H2O2 selectivity from 43.8% to 56.1% with almost no change in H2 
conversion, which, in turn, resulted in the increase in H2O2 yield from 23.9% to 31.7%. As 
pointed out by Meiers et al,[74] during the preparation of Pd/TS-1, the interaction of the Pd 
precursor, [Pd(NH3)4]2+, with TS-1 (support) created a new Pd species, Pd(II), with a binding 
energy in the range of 337.2~337.8eV. This new Pd species was neither Pd0 (binding energy in 
the range of 335.3~335.5eV) nor PdO (binding energy: 336.1~336.2eV), and it played an 
important role in epoxidation of propylene by the mixture of O2 and H2 (via the in situ generation 
of H2O2). Adding small amounts of Pt to Pd/TS-1 could dramatically increase the fraction of 
Pd(II) sites, thus, leading to an increase in H2O2 yield. However, one should be aware that the 
addition of Pt to Pd/TS-1 affects not only the Pd oxidation state but also particle features. A 
further increase in Pt content could only slightly increase the fraction of Pd(II), but significantly 
changed the surface morphology of the Pd aggregates from primarily needle-shaped to a mixture 
of needle-shaped crystallites and the undesirable spherical crystallites.[74]  
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Figure 22  Effect of adding Pt to the Pd/TS-1 catalysts in direct synthesis of H2O2 
Experimental conditions: H2=12.4mmol, O2/H2=1, indicator=6.2mmol, water=27.8mmol, 
catalyst=0.05g; P=125bar, T=60ºC, reaction time=5 hours 
 
5.5 INTERACTION BETWEEN H2O2 AND TS-1 
Upon contact between H2O2 (pre-manufactured or in situ generated) and TS-1, two reactions 
occur simultaneously. The first reaction, as disclosed by Antcliff et al,[131] could be called “self-
degradation" of H2O2 catalyzed by TS-1 to generate HOO•, with subsequent deprotonation to 
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form superoxide (O2– or OO•) radicals. Some of these radicals could eventually form O2, 
especially when TS-1 was loaded with a metal. The second reaction (and also the dominant 
one) was the formation of Ti-peroxo species—which were active in oxidation reactions. 
However, Bonino et al[132] observed that a small fraction (about 10%) of peroxo species 
(characterized by a cream color) appeared to be poorly reactive toward organic substrates. This 
implies that, in any oxidation reaction involving H2O2 and TS-1, part of the consumed H2O2 will 
not play any role in catalytic oxidation reactions owing to the degradation over TS-1.  
We conducted a series of experiments using different amounts of pre-manufactured 30% 
aqueous H2O2 solution in compressed CO2 to oxidize the “indicator” under the reaction 
conditions given in Error! Reference source not found.. The relationship between H2O2/pyridine 
molar ratios and the pyridine N-oxide yields is shown in Figure 23. It is clear from these results 
that in the case of using pre-manufactured H2O2, only about 70% of the consumed H2O2 reacted 
with the “indicator” to generate pyridine N-oxide in compressed CO2. It should be pointed out 
that there might be a difference in pyridine N-oxide yield found using pre-manufactured H2O2 
versus using in situ generated H2O2. By adding small aliquots (10~20μL) of pre-manufactured 
H2O2 every 5 minutes into the reactor, we could possibly mimic the in situ generation of H2O2 
from O2 and H2. The result at ambient pressure and 60ºC showed that the difference in pyridine 
N-oxide yield between adding pre-manufactured H2O2 at the beginning and adding it aliquot by 
aliquot was within 10%. Therefore, we might say that the H2O2 yields obtained in this study 
during direct synthesis in compressed CO2 was the minimum amount of in situ generated H2O2, 
while the H2O2 selectivity was the minimum selectivity toward the direct synthesis of H2O2 from 
O2 and H2 in compressed CO2 over precious metal loaded TS-1. In comparison, we recalculated 
the H2O2 selectivity and yield by using the calibration curve given in Figure 23. The results are 
  97 
listed in Table 34. Naturally, at the same H2 conversion, H2O2 selectivity and yield calculated 
using the calibration curve were each higher than those obtained before—these results might 
represent an upper bound to these values.  
 
Table 33  Experimental conditions in determining the calibration curve in CO2 
H2O2, mmol 0.29 0.49 0.97 1.55 3.11 6.21 8.73 
H2O2/pyridine, (mol/mol) 0.047 0.079 0.16 0.25 0.50 1.01 1.41 
Watera, ml 0.47 0.45 0.40 0.34 0.18 - - 
Note: Other conditions: Indicator=6.2mmol, TS-1=0.05g; P=125bar, T=60ºC, time=5 hours.   
a: Water was used to compensate the total volume of liquid reactants if it was less than 1.0ml. 
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Figure 23  Calibration curve for the measurement of H2O2 in CO2 
Indicator=6.2mmol, TS-1=0.05g; P=125bar, T=60ºC, reaction time=5 hours. 
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Table 34  Comparison of experimental results with and without the consideration of calibration 
curve 
H2O2 selectivity, % H2O2 yield, % Catalyst H2 conversion, 
% A B A B 
0.2%Pd/TS-1 54.7 43.8 62.9 24.0 34.4 
0.35%Pd/TS-1 62.5 39.3 56.4 24.6 35.3 
0.6%Pd/TS-1 67.2 37.5 53.8 25.2 36.1 
1.0%Pd/TS-1 72.0 26.6 38.2 19.2 27.5 
(0.2%Pd+0.02%Pt)/TS-1 56.5 56.1 80.4 31.7 45.5 
(0.35%Pd+0.035%Pt)/TS-1 63.7 44.8 64.3 28.5 41.0 
(0.6%Pd+0.06%Pt)/TS-1 63.8 41.4 59.4 26.4 37.8 
(1.0%Pd+0.1%Pt)/TS-1 75.4 26.9 38.7 20.3 29.1 
Note: 1. Experimental conditions: H2=12.4mmol, O2/H2=1, indicator=6.2mmol, water= 
27.8mmol, catalyst=0.05g; P=125bar, T=60ºC, reaction time=5 hours; 
2. A is the results without considering degradation of H2O2 on TS-1 and the calibration curve; B 
is the results with the consideration of calibration curve. 
5.6 SUMMARY 
Based on the criteria given in this study, pyridine was selected as an “indicator” compound to 
react immediately with directly synthesized H2O2 from O2 and H2 over precious metal loaded 
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TS-1. By quantifying the conversion of this indicator, the amount of in situ generated H2O2 in 
compressed CO2 was obtained.   
The experimental results in this study showed, for the first time, that H2O2 could be 
effectively synthesized from O2 and H2 in compressed CO2. In order to keep reactant mix well, 
the stirring power in this study was kept at ≥70%. H2 conversion, H2O2 selectivity and H2O2 
yield all decreased with an increase in O2/H2 molar ratio. The optimal O2/H2 molar ratio was 1 in 
the range of this study. An increase in H2 concentration led to an increase in H2 conversion, H2O2 
selectivity and yield. H2O2 yield was linearly proportional to H2 concentration below 500 mM of 
H2, implying that direct synthesis of H2O2 from O2 and H2 in compressed CO2 was first order 
with respect to H2 concentration. H2 conversion increased, while H2O2 selectivity decreased, 
with the increase of catalyst mass, these in turn resulted in the almost no change in H2O2 yield in 
a broad range of catalyst mass. Experimental results also proved that H2 conversion increased 
with an increase of Pd content in Pd/TS-1 catalyst, while H2O2 selectivity decreased. The 
combination of these effects led to the almost no change in H2O2 yield versus Pd content from 
0.2%~0.6%. The addition of Pt to the Pd/TS-1 catalysts has a significant positive influence on 
H2O2 selectivity, while its effect on H2 conversion is minor.    
Since the support, TS-1, used in this study is an excellent catalyst for using H2O2 to 
conduct green oxidations, the direct synthesis of H2O2 from O2 and H2 in CO2 with precious 
metal loaded TS-1 as the catalysts could be used as an in situ H2O2 source in carrying out 
selective oxidation. If the reaction of O2 and H2 in CO2 was desired for generation of H2O2 as the 
final product, one should design the system such that the H2O2 is quickly removed from the 
vicinity of the Pd/Pt catalyst (to minimize degradation). It is likely in such case that a different 
support for the precious metals would be employed. 
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6.0  ONE-POT GREEN SYNTHESIS OF PROPYLENE OXIDE USING IN SITU 
GENERATED H2O2 IN CO2  
The new green chemistry metric developed in this study was also used to evaluate the greenness 
of the following technologies for the synthesis of propylene oxide (PO): chlorohydrin, t-butyl 
hydroperoxide, ethylbenzene hydroperoxide, pre-manufactured H2O2 using methanol as the 
solvent and in situ generated H2O2 using compressed CO2 as the solvent. The obtained greenness 
index GIR values for these technologies are shown in Table 35. The GIC values used in 
calculating GIR values are listed in Table 36. The GIR results indicated that among all these 
technologies, the process using in situ generated H2O2 as the oxidant and CO2 as the solvent had 
the smallest GIR, thus it was the greenest technology by which PO can be synthesized among all 
these technologies.  
 
Table 35  Greenness index GIR values of the chemical reactions in the synthesis of PO 
Chemical reactions for the synthesis of PO GIR  
C3H6   +   Cl2   +   Ca(OH)2 C3H6O   +   CaCl2   +   H2O 8.2 6- 1
C3H6   +   (CH3)3COOH C3H6O   +   (CH3)3COH  10.9 6- 2
C3H6   +   C6H5CH(OOH)CH3 C3H6O   +   C6H5CH(OH)CH3 10.4 6- 3
C3H6   +   H2O2 C3H6O   +   H2O
MeOH
 
7.5 6- 4
C3H6   +   H2   +   O2 C3H6O   +   H2O
CO2
 
6.3 6- 5
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Table 36  GIC values of the substances used in the synthesis of PO by various processes 
Substance HR FR RR ODP GWP GIC MW 
C3H6 1 4 0 0 0 5 42 
Cl2 4 0 0 0 0 16 70.9 
H2O 0 0 0 0 0 0 18 
Ca(OH)2 2 0 0 0 0 4 74.1 
C3H6O 3 4 2 0 0 15 58 
CaCl2 2 0 1 0 0 5 111 
(CH3)3COOH 3 3 3 0 0 15 90.1 
(CH3)3COH 2 2 0 0 0 6 74.1 
C6H5CH(OOH)CH3* 3 2 3 0 0 14 138.2 
C6H5CH(OH)CH3 2 2 0 0 0 6 122.2 
3% H2O2 1 0 1 0 0 1 34 
MeOH 2 3 0 0 0 7 32 
H2 0 4 3 0 0 7 2 
O2 0 0 3 0 0 3 32 
CO2 1 0 0 0 0.1 1.1 44 
Note: *: Cumene hydroperoxide data were used since there were no available data for 
ethylbenzene hydroperoxide. 
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6.1 EXPERIMENTAL 
6.1.1 Chemicals and catalysts 
The purities of O2, H2, CO2 (from Penn Oxygen, Jeannette, PA) and propylene (from Air 
Products Inc.) used in this study were all above 99.9%. Two special gas mixtures were used to 
obtain the calibration curve for GC analysis. The compositions of first gas mixture were 2.06% 
propylene, 2.09% propane and 2.16% propylene oxide with the balance CO2 (Matheson Tri-Gas 
Inc., Montgomeryville, PA). The compositions of second were 0.101% acetone, 0.500% CO2, 
5.00% H2, 3.99% O2, 1.00% propane, 10.0% propylene and 0.315% propylene oxide with the 
balance N2 (Scott Specialty Gases, Plumsteadville, PA).   
Acetone (≥99.5%, Aldrich), propylene oxide (99%, Aldrich), propylene glycol (1,2-
propanediol, 99%, Acros Organics), 1-methoxy-2-propanol (98.5%, Acros Organics), propylene 
carbonate (99.5%, Acros Organics), ammonium carbonate (33.9% as NH3, J. T. Baker), 
ammonium acetate (99%, J. T. Baker), ammonium trifluoroacetate (98%, Acros Organics), 
Amberlyst A-21 ion-exchange resin (Aldrich), sodium acetate (99+%, Aldrich) and sodium 
bicarbonate (≥99.7%, EM Science) were all used as received without further purification.   
 
The preparation of precious metal loaded catalyst (0.2%Pd+0.02%Pt)/TS-1 was the same as that 
given in Section 5.1.1. 
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6.1.2 General procedures for the direct synthesis of PO in CO2 
Similar to the direct synthesis of H2O2 from O2 and H2 in compressed CO2, one-pot green 
synthesis of PO using in situ generated H2O2 from O2 and H2 in compressed CO2 was also 
conducted in a 30ml stainless steel reactor manufactured by the University of Pittsburgh. A 
cylindrical glass liner was also used to prevent the decomposition of in situ generated H2O2 by 
the metal wall. The same passivation method was also used to passivate the reactor and glass 
liner to prevent the decomposition of generated H2O2. The experimental setup is shown in 
Figure 24. In a typical experiment, known amounts of inhibitor, methanol, water and catalyst 
were added to the reactor. A magnetic stirring bar was placed inside the reactor in order to keep 
the reactants mixing well. The reactor was first charged with known amounts of propylene, O2, 
followed by CO2, and then known amount of H2. The reaction pressure was finally adjusted to 
desired pressure by adding more CO2. The reaction temperature was controlled by a stirrer/ 
hotplate. After the experiment, the amounts of un-reacted propylene, generated PO and propane 
in the reactor were analyzed by using an online HP 5890A gas chromatograph (GC) equipped 
with a TCD detector and a HayeSep D packed column (20ft×1/8”) and controlled by a HP 
ChemStation. The reactor was then ice-cooled to 0~5°C. The gas mixture inside the reactor was 
vented into an acetone solution. This acetone solution was used to extract by-products [propylene 
glycol (PG), methoxypropanols (MP) etc] from the catalyst and analyzed by another 5890A GC 
equipped with a FID detector and a DB-1 capillary column (30m×0.253mm×0.50μm) to 
determine the quantities of by-products. A proportional relief valve was installed for safety.  
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Figure 24  Experimental setup for the green synthesis of PO using in situ generated H2O2 in CO2 
 
 
Propylene conversion, PO selectivity and PO yield were defined by the following 
equations, respectively. 
 
100
(mmol)reactor   the toadded HC ofamount  the
(mmol)reaction  during consumed HC ofamount  the(%) conversion HC
63
63
63 ×=  6- 6
100
(mmol)reaction  during consumed HC ofamount  the
(mmol) PO generated ofamount  the(%)y selectivit PO
63
×=  6- 7
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100
(mmol)reactor   the toadded HC ofamount  the
(mmol) PO generated ofamount  the(%) yield PO
63
×=  6- 8
6.2 RESULTS AND DISCUSSION FOR THE GREEN SYNTHESIS OF PROPYLENE 
OXIDE 
Compressed CO2 has been previously proven to be an effective solvent for the direct synthesis of 
H2O2 from O2 and H2. In this study, in situ generated H2O2 in CO2 was used as a green oxidant to 
oxidize propylene for a one-pot green synthesis of PO. Besides the advantages mentioned earlier, 
using compressed CO2 as the solvent has special benefit over conventional solvents in that 
propylene is soluble in compressed CO2. Therefore, O2, H2, propylene and CO2 will form a 
homogeneous single phase under reaction conditions. This will significantly reduce or even 
eliminate mass transfer resistance during the epoxidation of propylene.  
Similar to results obtained while using methanol as the solvent, Danciu et al[19] found that 
attempts to increase propylene conversion also resulted in a substantial decrease in PO selectivity 
when CO2 was used as a sole solvent. For example, when propylene conversion was increased 
from 7.5% to 9.5%, the PO selectivity decreased considerably from 94.3% to 77.1%. CO2 is an 
environmentally benign solvent, but it is also a feeble one as can be seen from its low dielectric 
constant.[17] Addition of small amounts of polar co-solvent can significantly enhance its solvent 
properties. On the other hand, Clerici et al[67] reported the significant role played by methanol (a 
polar solvent) in the epoxidation of propylene using aqueous H2O2 solution over TS-1. In this 
study, we examined the effect of adding small amounts of polar co-solvent (methanol, water or 
their combination) to compressed CO2 on the direct synthesis of PO using in situ generated 
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H2O2. The bifunctional catalyst used in the green synthesis of PO was (0.2%Pd+0.02%Pt)/TS-1 
since it was proven to be an effective catalyst in the direct synthesis of H2O2 from O2 and H2 in 
compressed CO2 in this study. The experimental results are listed as Entries 1-3 in Table 37: 
When methanol, water and their mixture were used as the co-solvent, the propylene conversion 
was high. But the hydrogenation of propylene to propane was the dominant reaction. Although 
the addition of methanol could enhance the formation of PO (in agreement with the observation 
of Clerici et al[67]), it also led to side-reactions between generated PO and methanol to form 
methoxypropanols (MP). Further, the presence of water caused the hydrolysis of PO to form 
propylene glycols (PG). It is known[71] that acidic conditions favor the hydrolysis of PO and also 
the reaction between PO and methanol. Considering the existence of surface acidity in TS-1,[133, 
134] it is hypothesized that this surface acidity contributed to promoting these side-reactions. In 
order to verify this hypothesis, ammonium acetate (the measured pH value of ammonium 
acetate, water and methanol in this study was 7.6 at room temperature) was added to the reactor 
as an inhibitor and the experimental results are given as Entries 4-6 in Table 37. It is observed 
that addition of ammonium acetate could significantly inhibit not only the hydrolysis of PO and 
the reaction between PO and methanol, but also the hydrogenation of propylene, especially when 
small amounts of methanol and water were used as the co-solvent in compressed CO2. 
Comparing Entries 3 and 6, it can be seen that the addition of ammonium acetate led to the 
increase of PO yield from 9.4% to 23.5% and a significant increase in PO selectivity (from 
21.7% to 81.8%); while, the propane, MP and PG selectivities all decreased considerably. The 
PO production rate for Entry 6 reached as high as  0.346 g h-1 (g cat)-1 due to the effective 
generation of H2O2 from O2 and H2 in CO2[24] and the likely decrease (or elimination) of mass 
transfer resistances.  
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Table 37  Green synthesis of PO using in situ generated H2O2 in CO2 
Entry 1 2 3 4 5 6 
Water, ml 0.25 - 0.25 0.25 - 0.25 
MeOH, ml - 0.25 0.25 - 0.25 0.25 
NH4COOCH3, g - - - 0.02 0.02 0.02 
C3H6 conv., % 22.8 54.9 43.1 16.0 27.3 28.7 
PO yield, % 1.7 10.4 9.4 10.0 20.3 23.5 
PO 7.6 18.9 21.7 62.7 74.6 81.8 
C3H8 75.3 75.2 54.5 26.3 13.5 10.4 
MP 0 3.7 9.2 0 6.3 2.5 
PG 15.3 0.4 13.1 4.6 3.7 2.9 Se
le
ct
iv
ity
, %
 
Others 1.8 1.8 1.6 6.4 1.8 2.4 
Note: Other experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, C3H6=6.3mmol, 
H2/C3H6=1, O2/H2=1; T=60ºC, P=125bar, reaction time=5 hours 
 
Since the surface acidity of TS-1 was relatively weak, we believed that the selected 
inhibitor (ammonium acetate) could effectively interact with TS-1 and neutralize its surface 
acidity, and therefore, suppress the side-reactions. In order to explore if this suppression effect 
was due to the neutralization of surface acidity of TS-1, the following experiments were run 
using two different inhibitors: Ammonium trifluoroacetate (the measured pH value was 6.4 in the 
mixture of methanol and water) and ammonium carbonate (the measured pH value was 9.7 in the 
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mixture of methanol and water). Experimental results and their comparison with ammonium 
acetate (pH=7.6) are given in Figure 25. The addition of ammonium trifluoroacetate provided an 
acidic environment for the catalyst and could not neutralize the surface acidity of TS-1, and 
therefore, led to a substantial decrease in PO selectivity (although the conversion of propylene 
increased due to the enhancement of the hydrogenation of propylene and the hydrolysis of 
generated PO). On the other hand, the addition of ammonium carbonate provided a stronger 
basic environment for the catalyst. As being expected, a strong suppression effect was observed 
for all side-reactions. However, due to the relatively higher pH value (stronger basic condition 
could also cause the hydrolysis of PO[71]), the PO selectivity was lower than that when 
ammonium acetate (pH=7.6) was used. 
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Figure 25  Effect of different inhibitors on green synthesis of PO in CO2 
Experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, water=0.25ml, methanol=0.25ml, 
inhibitor= 0.02g; C3H6=6.3mmol, H2/C3H6=1, O2/H2=1; T=60ºC, P=125bar, reaction time=5 
hours (low case “c” stands for conversion, “y” for yield and “s” for selectivity) 
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In order to further verify that the suppression of side reactions was caused by the 
interaction between the inhibitor and TS-1, additional experiments were run using the following 
selected weak base inhibitors: Amberlyst A-21 (a weakly basic, macroreticular ion- exchange 
resin with alkyl amine functionality), sodium acetate and sodium bicarbonate. The experimental 
results are shown in Table 38. Although Amberlyst A-21 is a weak base, it is bonded to the 
macroreticular structure of ion exchange resin. In other words, it could not enter into the 
channels of TS-1 and interact with the surface acidity of TS-1. Therefore, no suppression effect 
was observed. Further increase the amounts of Amberlyst A-21 had no influence on the 
suppression of side reactions.  
Surprisingly, when sodium acetate and sodium bicarbonate were used as the inhibitors, 
the PO yield and selectivity were low, possibly because sodium ions could be strongly adsorbed 
on the surface of channels of TS-1 and block the adsorption of methanol, thus leading to the 
decrease in PO yield and selectivity. When examining the role of sodium ions on adsorption sites 
in silicalite-1, Matsumura et al[135] found the similar phenomenon in that the sodium ions located 
on the surface of the channels of silicalite-1 could block the adsorption of ethanol at its surface. 
Further increasing the amount of sodium ions led to a significant decrease in propylene 
conversion and PO yield possibly because more active sites of TS-1 were blocked. Literature 
results showed mixed conclusions when using sodium ions: Li et al[136] reported that small 
amounts of sodium salt benefited the synthesis of PO using pre-manufactured H2O2, while 
Hancu[137] found that the presence of sodium ions had negative impact on the direct synthesis of 
PO using a mixture of O2 and H2, which agreed with the observation of this study.      
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Therefore, in order to effectively suppress the side reactions occurred during the 
synthesis of PO using in situ generated H2O2 in compressed CO2, the selected inhibitor should be 
able to interact with the surface acidity of TS-1, but this interaction should not be strong enough 
to block the adsorption of methanol.  
 
Table 38  Experimental results using selected inhibitors with different interaction ability in the 
green synthesis of PO in CO2 
Inhibitor  Amberlyst A-21 NaCOOCH3 NaHCO3 
Amount, g 0.02 0.1 0.25 0.005 0.02 0.005 0.02 
C3H6 conversion, % 47.1 44.3 47.3 29.0 8.7 31.2 16.5 
PO yield, % 10.2 11.6 8.2 8.2 4.6 6.7 4.0 
PO 21.7  26.3  17.4  28.4 53.2 21.5 24.2 
C3H8 68.9 67.5 78.9 67.4 35.1 75.4 69.2 
MP 5.3 3.9 2.0 2.2 0.0  1.7 3.1 
PG 3.6 1.9 1.2 1.5 9.3 0.8 2.3 Se
le
ct
iv
ity
, %
 
Others 0.5 0.4 0.4 0.3 2.4 0.7 1.2 
 
Note: Other experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, water=0.25ml, methanol 
=0.25ml; C3H6=6.3mmol, H2/C3H6=1, O2/H2=1; T=60ºC, P=125bar, reaction time=5 hours 
 
The effect of the amount of selected inhibitor (ammonium acetate) added to the reaction 
system was also examined in the range of 0.005g to 0.03g and the results are shown in Figure 
26. We can conclude that, in the range of this study, although the effect of the amount of 
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inhibitor on the propylene conversion was minor, PO yield was increased with the increase of the 
amount of inhibitor until 0.02g. Accordingly, we observed the increase in PO selectivity and the 
decrease in propane selectivity. The influence of the amount of inhibitor on the selectivities of 
MP, PG and other by-products was not significant.  
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Figure 26  Effect of the amounts of selected inhibitor on the synthesis of PO 
Experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, water=0.25ml, methanol=0.25ml, 
inhibitor=NH4COOCH3; C3H6=6.3mmol, H2/C3H6=1, O2/H2=1; T=60ºC, P=125bar, reaction 
time=5 hours (low case “c” stands for conversion, “y” for yield and “s” for selectivity) 
 
 
The effect of reaction time on the epoxidation of propylene using in situ generated H2O2 
in compressed CO2 with methanol and water as the co-solvent is shown in Figure 27. It can be 
seen that propylene conversion, PO yield and PO selectivity were all increased with the increase 
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of reaction time, while propane selectivity was decreased along with the increase of reaction 
time. Experimental results also showed that when the reaction time was increased from 2 hours 
to 3 hours propane yield was increased from 1.9% to only 2.3%, while PO yield was increased 
from 7.5% to 16.4%.  
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Figure 27  Effect of reaction time on green synthesis of PO in CO2 
Experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, water=0.25ml, methanol=0.25ml, 
NH4COOCH3= 0.02g; C3H6=6.3mmol, H2/C3H6=1, O2/H2=1; T=60ºC, P=125bar (low case “c” 
stands for conversion, “y” for yield and “s” for selectivity) 
 
The effect of reaction temperature on the green synthesis of PO could be examined 
according to the following two conditions: (1) maintaining constant amounts of reactants and 
solvent while varying the reaction temperature; and (2) maintaining constant amounts of 
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reactants and constant reaction pressure while varying the reaction temperature. For the first 
condition, the change of reaction temperature has no effect on molar fractions of reactants and 
solvent, but the reaction pressure will change accordingly. For the second condition, the change 
of reaction temperature will results in the change of molar fractions of reactants and solvent 
since extra CO2 is needed in order to keep constant reaction pressure. It is known that reaction 
rate changes along with the change of concentrations of reactants for non-zero order chemical 
reactions. Based on the experimental results, a power rate law developed by Taylor et al[138] 
showed that the production rate of PO from the epoxidation of propylene using a mixture of O2 
and H2 over Au/TS-1 was not zero order with respect to O2, H2 and propylene. Therefore, it is 
necessary to maintain constant reactants and solvents in order to examine the effect of reaction 
temperature. The corresponded pressures and experimental results under different reaction 
temperatures are given in Table 39 in this study. As can be seen that an increase in reaction 
temperature resulted in a considerable increase in propylene conversion and PO yields. For 
example, when reaction temperature was increased from 50ºC to 60ºC, propylene conversion and 
PO yield were almost doubled. When conducting the gas phase epoxidation of propylene over 
Au/TS-1, Taylor et al[138] also observed that temperature had strong effect on the production rate 
of PO. The PO selectivity in this study was also increased with the increase of reaction 
temperature, while the selectivity to the by-products PM and PG were all higher at lower 
temperature, implying that the hydrolysis of generated PO and the reaction between generated 
PO and methanol were easy to carry out under lower temperature compared with the synthesis of 
PO and the hydrogenation of propylene.   
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Table 39  Effect of reaction temperature on the green synthesis of PO in CO2 
Temperature, ºC  40 50 60 
Pressure, bar 100.5 113.1 125.0 
C3H6 conversion, % 14.1 16.0 28.7 
PO yield, % 10.8 13.1 23.5 
PO  77.0  81.5 81.8 
C3H8 9.2 10.6 10.4 
MP 4.5 2.4 2.5 
PG 6.1 1.9 2.9 Se
le
ct
iv
ity
, %
 
Others 3.2 3.5 2.4 
 
Note: Other experimental conditions: (0.2%Pd+0.02%Pt)/TS-1=0.05g, water=0.25ml, methanol 
=0.25ml, NH4COOCH3= 0.02g; C3H6=6.3mmol, H2/C3H6=1, O2/H2=1; reaction time=5 hours 
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6.3 SUMMARY 
From experimental results, it is concluded that supercritical CO2 could be used as an 
environmentally benign solvent in one-pot green synthesis of PO using in situ generated H2O2 
from O2 and H2 over (0.2%Pd+0.02%Pt)/TS-1. For the first time, the attempt to obtain over 20% 
of PO yield (while keeping vital PO selectivity) was achieved by using small amounts of polar 
co-solvents (methanol and water) and adding a selected weak base inhibitor (ammonium acetate) 
to suppress the following side-reactions: the hydrogenation of propylene, the hydrolysis of 
generated PO and the reaction between PO and methanol. The experimental results using 
different inhibitors with pH values ranging from 6.4 to 9.7 in a mixture of water and methanol 
(1:1 in volume) for the green synthesis of PO using in situ generated H2O2 in compressed CO2 
verified that this suppression effect was due to the interaction between the inhibitor and TS-1 
leading to the neutralization of its surface acidity. The selected inhibitor should be able to 
interact with the surface acidity of TS-1, but this interaction should be strong enough to block the 
adsorption of methanol. The experimental results obtained in the temperature range of 40°C to 
60°C also showed that the hydrolysis of generated PO and the reaction between the generated PO 
and methanol was easy to occur under lower temperature. Increasing reaction temperature 
resulted in an increase in propylene yield, PO yield and selectivity. 
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7.0  GREEN SYNTHESIS OF ADIPIC ACID USING IN SITU H2O2 IN CO2  
From literature review, we know that although cyclohexene could be used as an alternative raw 
material in the synthesis of adipic acid using pre-manufactured H2O2, one of the biggest 
obstacles in commercializing this process is that the current H2O2 price is high enough that this 
process can not be carried out economically. In situ generated H2O2 in compressed CO2 may 
have the potential to replace pre-manufactured H2O2 since (1) it is proven previously that H2O2 
could be effectively generated from O2 and H2 in compressed CO2; (2) using in situ generated 
H2O2 to replace pre-manufactured H2O2 makes the synthesis of adipic acid greener. The green 
chemistry metric developed in this study was used to compare the greenness of various methods 
for the synthesis of adipic acid. The obtained GIR values are shown in Table 40. The GIC values 
for the involved chemicals are from Table 23 and Table 29. Comparing with other methods, the 
method using in situ generated H2O2 from O2 and H2 in CO2 has the lowest GIR value.  
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Table 40  GIR values for the synthesis of adipic acid by various methods 
Chemical reactions for the synthesis of adipic acid GIR 
OH +   2 HNO3
COOH
COOH
+   N2O   +   2 H2O
 
5.76 7- 1
O +   1.5 HNO3
COOH
COOH
+  0.75 N2O  +  0.75 H2O
 
5.81 7- 2
COOH
COOH
+   4   H2O2 +   4   H2O
 
5.21 7- 3
COOH
COOH
+   4   H2   +   4   O2 +   4   H2O
CO2
 
2.92 7- 4
 
7.1 EXPERIMENTAL 
7.1.1 Chemicals and catalysts 
The purities of O2, H2 and CO2 (from Penn Oxygen, Jeannette, PA) used in this study were all 
above 99.9%. Cyclohexene (CHE, 99%, Aldrich), cyclohexene oxide (CHEO, 98%, Aldrich), 
cyclohexanone (CHAO, 99.9%, Fisher Scientific), trans-1,2-cyclohexanediol (trans-Diol, 98%, 
Aldrich), cis-1,2-cyclohexanediol (cis-Diol, 99%, Aldrich), 2-hydroxycyclohexanone dimer 
(HCHAO, Aldrich), 2-cyclohexen-1-one (CHENone, 95+%, Aldrich), 2-cyclohexen-1-ol 
(CHENol, 95%, Aldrich),  adipic acid (AA, 99+%, Aldrich), glutaric acid (GA, 99%, Aldrich), 
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succinic acid (SA, ≥99%, Aldrich), Na2SiO3·9H2O (>99%, Fisher Scientific), 
hexadecyltrimethylammounium bromide (CTMABr, 99%, Sigma), Na2WO4·2H2O (99%, 
Aldrich), ethyl acetate (99.5+%, Sigma-Aldrich) were all used as received without further 
purification. 
The procedures for the synthesis of W-MCM-41 was similar to that given by Dai et 
al[139]: The synthesis was carried out in a three-neck flask equipped with a condenser. 5.825g of 
Na2SiO3·9H2O were added to 25ml of water at 85°C. This solution was stirred for 10 minutes. 
2.45g of hexadecyltrimethylammounium bromide (CTMABr) was then added to obtain a 
solution. 3.2ml of Na2WO4·2H2O (0.2mmol/ml) were added to this solution and stirred for 
another 10 minutes. Under vigorous stirring, 7.5ml of ethyl acetate were quickly added. The 
reaction mixture became clear at first and then turned white in minutes. The vigorous stirring 
was maintained for 20 minutes and then reduced to moderate for 24 hours. During this whole 
process, the temperature was kept at 85°C. The resulting mixture was allowed to cool to room 
temperature, and then filtered and washed with deionized water 3 times. The obtained white solid 
was dried at 80°C and then calcined at 600ºC in air for 4 hours to remove the template. 1.305g of 
W-MCM-41 was obtained as a white powder.  
This synthesis method is environmentally benign since it used Na2SiO3 to replace 
expensive organic silica and ethyl acetate (which can be hydrolyzed in water at certain 
temperature to form acetic acid and ethanol) to replace corrosive inorganic acid.  
A wet impregnation method was used to load 1% palladium (Pd) and 0.1% platinum (Pt) 
on the W-MCM-41 molecular sieve. To 1g of W-MCM-41 in a 100ml flask, 10ml of deionized 
water was added. This slurry was stirred for several minutes. Known amount of 10% 
tetraamminepalladium(II) nitrate solution and 2% tetraammine-platinum chloride were added to 
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the slurry. The final mixture was allowed to stir for 24 hours and then filtered and washed with 
deionized water 3 times. The solid was dried at 100°C and calcined at 600°C for 4 hours and 
then cooled to room temperature. It was reduced with hydrogen under room temperature to 
obtain (1%Pd+0.1Pt)/W-MCM-41. 
7.1.2 General procedures for the green synthesis of adipic acid in CO2 
The general procedures for the oxidation of cyclohexene to adipic acid using in situ generated 
H2O2 in compressed CO2 as the oxidant are similar to that for the direct synthesis of H2O2 given 
in Section 5.1.2 except that cyclohexene was used as the starting material. The tested catalysts 
were 0.35%Pd/TS-1 and (1.0%Pd+0.1%Pt)/W-MCM-41.  
7.2 RESULTS AND DISCUSSION FOR THE GREEN SYNTHESIS OF ADIPIC ACID 
7.2.1 Using precious metal loaded TS-1 as the catalyst 
The experimental results for the oxidation of cyclohexene (CHE) and its derivatives 
[cyclohexene oxide (CHEO), trans-1,2-cyclohexanediol (trans-Diol) and cis-1,2-
cyclohexanediol (cis-Diol)] over 0.35%Pd/TS-1 using in situ generated H2O2 from O2 and H2 in 
compressed CO2 are shown in Table 41. Here 0.35%Pd/TS-1 was also a bifunctional catalyst: Pd 
was the active component for the in situ generation of H2O2 from O2 and H2 and TS-1 catalyzed 
the oxidation of cyclohexene by the in situ generated H2O2. It can be seen that the oxidation of 
cyclohexene by in situ generated H2O2 in compressed CO2 generated only small amount of 
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adipic acid, intermediates (to adipic acid) and some cyclohexane (as mentioned earlier, Pd/TS-1 
could also catalyze the hydrogenation of alkenes). The oxidation of cyclohexene oxide (CHEO) 
by the mixture of O2 and H2 in compressed CO2 generated a large amount of diols implying that 
the hydrolysis of cyclohexene oxide was relatively easy under our reaction conditions. The 
amount of adipic acid generated from the oxidation of cyclohexene oxide in compressed CO2 
was an order of magnitude higher than that from cyclohexene. Considering the significant 
difference in adipic acid yields when trans-Diol and cis-Diol were used as the starting materials, 
it is concluded that the oxidation of cis-Diol by in situ generated H2O2 was relatively easy. This 
conclusion is consistent with the results obtained by Lee et al[92] when they used pre-
manufactured H2O2 to oxidize cyclohexene over a TAPO-5 catalyst (titanium framework-
substituted aluminophosphate number 5).  
Control experiments run in this study showed that cis-Diol could not be oxidized by O2 
alone in compressed CO2 under similar reaction conditions indicating that oxidation was due to 
the generation of H2O2 from O2 and H2 in compressed CO2. Since the mechanistic pathway 
shown by Scheme 3 disclosed that at least 3 moles of H2O2 were needed in order to oxidize one 
mole of Diol (either trans- or cis-), significant amounts of in situ H2O2 were likely generated in 
compressed CO2 during the reaction process. 
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Table 41  Oxidation of cyclohexene and its derivatives by in situ H2O2 in CO2 
Substrate CHE CHEO trans-Diol cis-Diol cis-Diol 
Water, mmol  11.67 11.67 8.89 8.89 8.89 
H2:Substrate 8 6 6 6  
O2:H2 4 4 4 4  
O2:Diol     24 
Products, mol% 
Adipic acid 0.24 2.46 6.16 13.20 0 
CHENol/onea 0.15 0.58 0.93 0.64 0.18 
CHAO 0.91 0.83 0.38 0.35 0.15 
HCHAO 0.72 0.62 0.62 0.76 0.22 
Diols 0.07 48.07    
Cyclohexane 0.89     
Note: Experimental conditions: substrate=1.18mmol, 0.35%Pd/TS-1=0.03g, T=90°C, P=145bar, 
reaction time=10 hours;   
 a: a mixture of 2-cyclohexen-1-ol and 2-cyclohexen-1-one 
7.2.2 Using precious metal loaded W-MCM-41 as the catalyst 
Thermodynamically, the change of Gibbs free energy, ΔG0f for the oxidation of cyclohexene to 
cyclohexene oxide by H2O2 is -214.7kJ/mol at 298.15K meaning that this reaction could occur 
easily. This was also experimentally proven by Sato et al[11] and Lee et al[92] when they used pre-
manufactured H2O2 to oxidize cyclohexene. But the experimental results listed in Table 41 
showed that the oxidation of cyclohexene to cyclohexene oxide by in situ generated H2O2 over 
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precious metal loaded TS-1 in compressed CO2 was the slowest step in the direct synthesis of 
adipic acid from cyclohexene. These contradictory conclusions were caused by the relative small 
pore size of TS-1 which presents diffusional limitation to relatively bulky chemicals like 
cyclohexene. Although the critical dimensions of cyclohexene could not be found in literature, 
the critical dimensions of cyclohexane (4.7Å×6.2Å)[140] could be used as a reference since they 
both have similar kinetic diameters (ca. 5.8Å).[135] Because the pore size of TS-1 was only 
5.6Å×5.3Å, cyclohexene could just fit into the pores of TS-1, but cyclohexene oxide could not 
be formed effectively since the epoxidation was a more sterically demanding reaction.[73] The 
existence of this steric effect was observed by many researchers[9, 73, 140, 141] when TS-1 was used 
to catalyze the oxidation of cyclohexene by pre-manufactured H2O2.  
Therefore, many researchers tried to synthesize new molecular sieves with larger pore 
size in order to effectively carry out oxidation of bulky chemicals by H2O2. MCM-41 is one of 
the most important silicate mesoporous molecular sieves. First reported by researchers at 
Mobil[142] (now ExxonMobil), MCM-41 features a hexagonally arranged pore system with pore 
diameter in the range of 20-100Å and an extremely large surface area of about 1000m2/g as 
shown in Figure 28.[143] The discovery of MCM-41 provided new opportunities for creating 
highly dispersed and more accessible catalytic active sites by incorporating metal ions (such as 
W, Al, Ti, Fe and V etc) into its silica-based frameworks. The tungstate-incorporated MCM-41 
(designated as W-MCM-41; its synthesis was reported by Zhang et al[95] and Dai et al[139]) 
presents special catalytic activity when using H2O2 aqueous solution to oxidize relatively bulky 
chemicals. For example, Zhang et al[95, 144] proved that W-MCM-41 was an effective catalyst in 
the oxidation of cyclohexene by aqueous H2O2. When the molar ratio of cyclohexene/H2O2 was 
1, the majority product was trans-1,2-cyclohexanediol, an intermediate in the synthesis of adipic 
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acid when cyclohexene was used as the starting material. The reaction proceeded because the 
mesoporous structure of W-MCM-41 presented no resistance for reactant and product to diffuse 
in and out the pore channels.  
 
 
Figure 28  Possible mechanistic pathways for the synthesis of MCM-41: (1) liquid crystal phase 
initiated; (2) silicate anion initiated 
 
In order to use H2O2 to effectively oxidize cyclohexene, molecular sieves with larger pore 
size should be adopted as the catalyst. According to the literature,[95, 139, 144] W-MCM-41 is a 
mesoporous molecular sieve presenting high activity in the oxidation of cyclohexene to 
cyclohexene oxide using aqueous H2O2. In this study, the as-synthesized W-MCM-41 was used 
as the catalyst in the oxidation of cyclohexene to adipic acid by pre-manufactured 30% H2O2. 
The experimental results are listed in Table 42 (here others include the intermediates to adipic 
acid, small amount of 2-cyclohexen-1-ol/one, 2-cyclohexan-1-ol/one, caprolactone and glutaric 
acid etc); the results using TAPO-5 (titanium framework-substituted aluminophosphate number 
5) as the catalyst[92] are also presented for comparison.  
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Table 42  Oxidation of cyclohexene by H2O2 with different catalysts 
 This work Lee et al[92] 
Catalyst W-MCM41 TAPO-5 
Catalyst/CHE, g/ml 0.02/0.5 0.5/6.3 
H2O2:CHE (mol) 4:1 ~3.6:1 (?) 
Solvent 5ml HOAc - 
T, °C 75 80 
Time, hrs 10 24 12 24 72 
Conversion, % 83.8 86.8 17.3 49.5 100 
O
 0.05 0.08 0 0 0 
OH
OH 32.0 20.9 10.1 32.9 30 
OH
O  3.8 2.0 2.7 1.8 2.9 
COOH
COOH
 
14.2 29.9 0.5 6.5 30.3 
Yield, 
 % 
others 33.3 33.9 4.1 8.3 36.8 
 
 
It can be seen from Table 42 that the as-synthesized W-MCM-41 is an effective catalyst 
in carrying out the oxidation of cyclohexene to adipic acid using aqueous H2O2 in acidic 
condition. Even though the concentration of W-MCM-41 used in this study was lower than that 
of TAPO-5 used by Lee et al[92] (the catalyst/CHE ratio in this study was 0.04, while for TAPO-5 
system, it was 0.077), the oxidation reaction using W-MCM-41 was still faster than that using 
TAPO-5. For example, when the reaction time was 24 hours, for the W-MCM-41 system the 
cyclohexene conversion reached 86.8% with an adipic acid yield of 29.9%; while for TAPO-5 
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system, the conversion was 49.5% with an adipic acid yield of only 6.5%. Further, the amount of 
cyclohexene oxide was very low. The possible reasons are (1) the hydrolysis of cyclohexene 
oxide was relatively fast compared with other reactions shown in Scheme 3; (2) the radical 
mechanism to cis-Diol suggested by Lee et al[92] may also play a significant role in this study. 
Furthermore, the similar distribution pattern of reaction intermediates and products also implied 
similar reaction pathways and control steps in this study (see Scheme 3 for the mechanistic 
reaction pathways).  
When compressed CO2 was used as the solvent and different acids were used as the 
acidic medium, the experimental results and the comparison with that using TAPO-5 as the 
catalyst are shown in Figure 29. When acetic acid (HOAc) was used, the oxidation reaction was 
much slower compared with that using trifluoroacetic acid (TFA). This is because the fluorinated 
compound (trifluoroacetic acid) is more soluble in compressed CO2 than that in its non-
fluorinated counterpart (acetic acid). Figure 29 also showed that the results in using TFA and W-
MCM-41 in 10 hours were similar to that in using TAPO-5 in 24 hours. Therefore, it is 
concluded that although the oxidation of cyclohexene to adipic acid in compressed CO2 over W-
MCM-41 was slightly slower than that in acetic acid, it was still faster than that over TAPO. The 
distribution pattern of intermediates and products still implies the similar reaction pathways and 
control steps.  
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Figure 29  Oxidation of cyclohexene by 30% H2O2 in CO2 with different acids 
Experimental conditions: CHE=0.25ml, acid=0.25ml, H2O2:CHE=4:1, W-MCM-
41=0.01g; T=75°C, P=138bar, reaction time=10 hours 
 
When the mixture of O2 and H2 in compressed CO2 was used to replace pre-manufactured 
H2O2 as the oxidant and (1%Pd+0.1%Pt)/W-MCM-41 was used to replace W-MCM-41 as the 
catalyst (this catalyst can catalyze both the in situ generation of H2O2 from O2 and H2 in 
compressed CO2 and the oxidation of cyclohexene), the obtained results and comparison with the 
results of  Lee et al[92] are given in Figure 30. As can be seen that adipic acid yield in this study 
was still higher than that of Lee et al using pre-manufactured H2O2 as the oxidant and TAPO-5 
as the catalyst under similar reaction temperature and time, but the yields of Diols and 
hydroxyketone were lower than that using TAPO-5. However, it should be pointed that during 
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the oxidation of cyclohexene by in situ generated H2O2 from O2 and H2 in compressed CO2 using 
(1%Pd+0.1%Pt)/W-MCM-41 as the catalyst, hydrogenation of cyclohexene to cyclohexane 
(CHA) occurred because of the presence of precious metal and H2. This hydrogenation became 
the dominant reaction when TFA was used as the acidic medium provider, while for acetic acid, 
the hydrogenation reaction was mild.  
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Figure 30  Oxidation of cyclohexene by in situ generated H2O2 in CO2 
Experimental conditions: CHE=0.25ml, acid=0.25ml, H2:CHE=4:1, O2:H2=4:1, 
(1%Pd+0.1%Pt)/W-MCM-41=0.01g; T=75°C, P=138bar, reaction time=10 hours 
 
Due to the use of an acidic medium in the oxidation of cyclohexene and the generation of 
an acid (adipic acid) as the final product, the method developed in the green synthesis of 
propylene oxide using a weak base inhibitor to suppress the hydrogenation reaction could not be 
  128 
used here. If we want to use in situ generated H2O2 as the oxidant to oxidize cyclohexene to 
synthesize adipic acid, a method would need to be developed to suppress the hydrogenation of 
cyclohexene.  
7.3 SUMMARY 
The experimental results in this study proved that the critical step in the oxidation of 
cyclohexene to adipic acid using in situ generated H2O2 over precious metal loaded TS-1 in 
compressed CO2 was the epoxidation of cyclohexene, the oxidation of related intermediates 
(cyclohexene oxide, trans- and cis-Diols, 2-hydroxycyclohexanone) to adipic acid was relatively 
easy. However, the lower conversion of cyclohexene implied the existence of diffusion limitation 
for cyclohexene due to the small pore size of TS-1.  
Mesoporous molecular sieve W-MCM-41 was synthesized by an environmentally benign 
method. Experimental results proved that this as-synthesized W-MCM-41 was an effective 
catalyst in catalyzing the oxidation of cyclohexene to adipic acid by pre-manufactured H2O2 
under the condition of with and without using CO2 as the solvent. Using in situ generated H2O2 
from O2 and H2 over (1.0%Pd+0.1%Pt)/W-MCM-41 in compressed CO2, attractive results were 
also obtained in the oxidation of cyclohexene to adipic acid. But the hydrogenation of 
cyclohexene to cyclohexane was also occurred due to the presence of precious metal and H2. A 
method should be developed to suppress this un-desired side-reaction.     
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8.0   CONCLUSIONS  
In this study, we first developed a new green chemistry metric with the consideration of both 
quantity and quality of involved chemicals. The defined greenness index for a chemical GIC 
could be used to calculate the greenness index for a chemical formula GIF, greenness index for 
an oxidant GIO, greenness index for a chemical reaction GIR and greenness index for a product 
GIP. This new metric was successfully used in searching for greener process for the synthesis of 
H2O2, PO and adipic acid. 
Based on the criteria established in this study, pyridine was selected as an indicator 
compound to measure the amounts of directly synthesized H2O2 in compressed CO2. The 
experimental results proved, for the first time, that H2O2 could be effectively synthesized from 
O2 and H2 in compressed CO2. The effects of the following operational parameters on H2 
conversion, H2O2 yield and selectivity were examined: stirring speed, O2/H2 molar ratio, H2 
concentration, catalyst mass, Pd content and the addition of Pt. The optimal reaction conditions 
for the direct synthesis of H2O2 were as followings: stirring power was over 65%, O2/H2 molar 
ratio=1, Low Pd content (<0.6%) with the addition of small amount of Pt (Pt/Pd=0.1 in weight).  
The attempts to achieve over 20% of propylene conversion while keep vital PO 
selectivity was achieved, for the first time, by using in situ generated H2O2 in compressed CO2 
over precious metal loaded TS-1. In order to enhance the propylene conversion, small amounts 
of polar co-solvent (methanol and water) was used to enhance the solvent properties of 
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compressed CO2. A selected weak base inhibitor was used to suppress the commonly 
encountered side-reactions: the hydrogenation of propylene, the hydrolysis of generated PO and 
the reaction between methanol and the generated PO. This suppression was due to the interaction 
between the inhibitor andTS-1 leading to the neutralization of surface acidity of TS-1.  
The oxidation of cyclohexene by in situ generated H2O2 in compressed CO2 over 
precious metal loaded TS-1 generated only small amount of adipic acid due to the diffusion 
limitation of cyclohexene in small pore size of TS-1. A mesoporous molecular sieve W-MCM-41 
was synthesized by an environmentally benign method. This W-MCM-41 was experimentally 
proved to be an effectively catalyst to oxidize cyclohexene to adipic acid using pre-manufactured 
H2O2 under the condition of with and without compressed CO2. The precious metal loaded W-
MCM-41 was also proved to be an effective catalyst to oxidize cyclohexene to adipic acid using 
in situ generated H2O2 from O2 and H2 in compressed CO2. However, it is necessary to develop a 
method to suppress the hydrogenation of cyclohexene during the oxidation using in situ 
generated H2O2.  
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9.0  RECOMMENDED FUTURE WORK 
This study raised some important questions which need to be considered in the future: 
1. For the commonly used chemicals, the hazardous ratings used in calculating the 
GIC could be found from their MSDS. However, for some special chemicals, 
there are no hazardous ratings data available. Further research work is needed to 
develop a method to evaluate their hazardous data by using some principles like 
group contribution method[145] (a method widely used to evaluate the physical 
properties of chemicals). This method had been used by some researchers[146] to 
estimate the toxicities of organic compounds.  
2. Due to the interaction between TS-1 and H2O2, some in situ generated H2O2 could 
be effectively used to oxidize the indicator. Therefore, the H2O2 yields obtained in 
this study were the minimum yields we could obtained. A method should be 
developed to probe the mechanism of this interaction and to evaluate the amount 
of un-reactive H2O2. 
3. We verified that the suppression of common side reactions during the one-pot 
green synthesis of PO using in situ generated H2O2 in compressed CO2 was due to 
the neutralization of surface acidity of TS-1. The interactive mechanism should be 
developed to understand this suppression effect. 
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4. A method should be developed to effectively suppress the hydrogenation of 
cyclohexene during the oxidation of cyclohexene to adipic acid using in situ 
generated H2O2 over precious metal loaded W-MCM-41 in compressed CO2. 
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APPENDIX    
GC CONDITIONS USED IN THIS STUDY  
The GC conditions for detecting H2 and indicator in direct synthesis of H2O2 from O2 and H2 in 
compressed CO2 are listed in Table 43. The GC conditions for detecting propane, propylene and 
PO in the green synthesis of PO using in situ generated H2O2 are listed in Table 44. The GC 
conditions for detecting cyclohexene, adipic acid and related intermediates and by-products in 
the green synthesis of adipic acid are the same as the detection of indicator listed in the right 
column of Table 43.   
 
Table 43  GC conditions in the detection of H2 and indicator in direct synthesis of H2O2 in 
compressed CO2 
Item Detection of H2 Detection of Indicator 
Detector TCD FID 
Column HayeSep D Packed 
column (20ft×1/8”) 
DB-1 capillary column  
(30m×0.253mm×0.50μm) 
Sampling loop, μL 100  
Injection amount, μL  0.5 
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Table 43 (continued) 
Carrier gas N2 He 
Carrier gas flowrate, ml/min 15 2.4 
Carrier gas pressure, psi 70 60 
Head pressure, psi 32 23 
Reference gas flowrate, ml/min 22.5  
H2 flowrate, (pressure); ml/min, (psi)  30, (18) 
Air flowrate, (pressure); ml/min, (psi)  402, (42) 
Auxiliary gas flowrate, ml/min  45 
Total flowrate, ml/min  480 
Injection temperature, °C 100 250 
Detector temperature, °C 120 275 
Auxiliary temperature, °C  140  
Oven temperature, °C 35 40 
Initial time, min 5.0 4.0 
Rate, °C/min 10 15 
Final temperature,  °C 120 210 
Final time, min 16.5 5.0 
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Table 44  GC conditions in the synthesis of PO using in situ generated H2O2 in CO2 
Item Detection of C3H6 and PO Detection of by-products 
Detector TCD FID 
Column HayeSep D Packed column 
(20ft×1/8”) 
DB-1 capillary column  
(30m×0.253mm×0.50μm) 
Sample amount, μL 100 0.5 
Carrier gas He He 
Carrier gas flowrate, ml/min 30 2.4 
Carrier gas pressure, psi 70 60 
Head pressure, psi 52 23 
Reference gas flowrate, ml/min 45  
H2 flowrate, (pressure); ml/min, (psi)  30, (18) 
Air flowrate, (pressure); ml/min, (psi)  402, (42) 
Auxiliary gas flowrate, ml/min  45 
Total flowrate, ml/min  480 
Injection temperature, °C 100 120 
Detector temperature, °C 120 160 
Auxiliary temperature, °C  140  
Oven temperature, °C 35 40 
Initial time, min 5.0 4.0 
Rate, °C/min 10 15 
Final temperature,  °C 120 160 
Final time, min 16.5 5.0 
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